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ABSTRACT 

As suitable gas fields have become more remote and onshore liquefied natural gas (LNG) 

infrastructure has become more difficult to construct, the concept of floating liquefied 

natural gas (FLNG) can be an attractive economic option to bring LNG to the global gas 

market. Offloading of LNG from an FLNG vessel to an LNG carrier in a side-by-side 

fashion creates a long and relatively narrow gap, in which large resonant free surface 

motions (referred to as ‘gap resonance’) may occur under the excitation of incident waves 

with appropriate frequencies. This can influence the economic performance and safety of 

offloading operations. This thesis is concerned with numerical modelling of gap 

resonance phenomena at lab-scale using computational fluid dynamics (CFD), to better 

understand various effects on the resonant hydrodynamic phenomenon.    

Firstly, two-dimensional (2D) gap resonance with different entrance shapes between two 

fixed boxes excited by regular waves is investigated.  Comparison with experimental data 

(Saitoh et al, 2006) for a case with square corners shows good agreement. It is found the 

resonant gap responses for round and sharp corners are different, with the responses larger 

in the round corner case. The resonant frequencies change with amplitude of gap 

oscillation, depending on the entrance shape, which can be explained by viscous effects 

and effects associated with the nonlinear free surface boundary conditions (giving 

behaviour like a Duffing oscillator with a hardening spring). Instead of running a series 

of long-time regular wave tests, simulations of a few cycles of water column decay in the 

gap gives satisfactory prediction of the resonant frequencies identified from the response 

curves for various entrance shapes, wave steepness and water depths. 

High quality experimental data is available (Zhao et al, 2017) for the interaction of 

transient wave groups with various fixed side-by-side models.  A numerical wave tank 

(NWT) for three-dimensional (3D) gap resonance excited by transient wave groups is 

established by systematically optimizing the mesh topology and extent, together with 

appropriate boundary conditions for the purpose of replicating the physical experiments. 

Various iterative methods are used to recreate the experimental incident transient wave 

groups. The linear iterative method shows the best result, by adjusting the amplitude and 

phase information of the linear wave signal. 

The established NWT is used to successfully reproduce experiments of 3D gap resonance 

with round corners, under the excitation of transient wave groups with peak frequencies 

corresponding to the resonant frequency for the first mode and half this value. The zeroth, 



 

first, second and third harmonics of free surface elevation are successfully reproduced in 

the NWT. Mode shapes for the free surface are successfully captured up to the fifteenth 

and agree well with the experimental data. The flow field is interrogated to provide strong 

numerical evidence to support the postulation from previous experimental work that at 

laboratory scale the damping affecting the oscillatory motions in the gap is attributed to 

laminar boundary layers. 

Numerical results of 3D gap resonance with square corners exhibit larger discrepancies 

compared to experiments. It is found the time series of numerical results always lead the 

experiment in phase. Several possible causes of the phenomenon are discussed to provide 

guidelines for future study on this topic.  

This thesis focuses on understanding gap resonance phenomena at lab-scale. The 

successful reproduction of experimental results confirms the possibility of using CFD to 

resolve wave and (laminar) boundary layer scale processes in the same simulation. 

Ultimately the problem has industrial relevance at a substantially larger scale, though 

model testing remains a crucial tool for the offshore industry and it is vital to understand 

these tests. For round corners, as the scale is increased the boundary layers will inevitably 

become turbulent; though this is beyond the scale at which lab testing is feasible. For 

sharp corners or bilge keels separation will occur in the lab as well as in the field, and 

smaller scaling effect is expected compared to round corners. 
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1 INTRODUCTION 

 

A large proportion of new offshore gas discoveries are located in under-developed or 

remote regions of the globe. The economics of onshore liquefied natural gas (LNG) plants 

for some of these fields may be challenging, as project infrastructure becomes more 

difficult to construct. When these infrastructure and logistics issues result in high costs 

and high execution risks, it appears to be an attractive economic solution to bring gas to 

market with the new technology called floating liquefied natural gas (FLNG).  

Offshore offloading of LNG from an FLNG to an LNG carrier via a side-by-side 

configuration creates a narrow gap between vessels, in which there is potential for large 

resonant fluid motions to occur under the excitation of incident waves with appropriate 

frequencies (often referred to as ‘gap resonance’). For safe offloading operations, this 

resonant hydrodynamic behaviour may be important in its own right, or due to its coupling 

with vessel motion. In this chapter, following a brief introduction to LNG, FLNG and 

offloading operations, a description of gap resonance and its occurrence in other offshore 

activities is given. 

1.1 Introduction to liquefied natural gas 

Natural gas is a naturally occurring hydrocarbon gas mixture which is made up mostly of 

methane. It is a major source of energy and burns more cleanly than coal and other fossil 

fuels. Many energy-hungry areas are located far away from gas fields, rendering pipelines 

too impractical or costly to build. In order to feed the world’s demand for natural gas, the 

gaseous state is mainly converted to LNG by cooling it to -162 ℃, achieving a volume 

reduction of approximately 600 to 1 for ease and safety of non-pressurized storage or 

transport.  



 

1.1.1 Advantages of LNG 

In the first decade of this century, the demand for LNG doubled, and the growth of 

demand is expected to become even stronger (EY’s Global Oil & Gas Centre, 2013). 

There are a couple of reasons for this growth, as covered below. 

Firstly, LNG is relatively clean compared to conventional fossil fuels like coal and oil. 

To take LNG use as a marine fuel as an example, air emissions from ships cause chronic 

cumulative marine pollution that affects the overall air quality and the natural 

environment, e.g. tough acid rain. Compared with conventional marine fuels, LNG causes 

a significant reduction in 𝑁𝑂𝑥 (80% reduction), 𝐶𝑂2 (20%), 𝑆𝑂𝑥  (approximately 100%), 

PM mass and number concentrations (approximately 99%) in comparison with 

conventional marine fuels (Kumar et al., 2011; Burel et al., 2013). 

Secondly, LNG is safe. LNG is a non-toxic and non-corrosive liquid. It is not flammable 

nor explosive in the liquid state and less flammable than other fuels in the gaseous state. 

Unlike other fuels that pool on the ground and cause greater fire hazards, LNG vapours 

are lighter than air and dissipate quickly. When LNG spills on water, it floats on the 

surface and does not harm aquatic life. Besides, LNG tanks are all double walled and very 

thick, rendering them much stronger than tanks for other fuels (Dodge, 2014). Safe 

storage, transportation and usage are the mandated requirements for any fuel, and LNG 

continues to demonstrate a long track record of safety in all these three areas.  

1.1.2 Demand and supply of LNG 

Forecasts made before 2013 predicted worldwide demand for natural gas would grow 

increasingly quickly. Royal Dutch Shell PLC expected global natural gas demand to 

increase by 60% from 2010 to 2030, reaching 25% of the global primary energy mix and 

within that, strong growth in LNG (Voser, 2012). However, recent falls in oil prices and 

the slowdown of demand have caused negative impacts on the global LNG market. 

Despite that, the long-term presents enormous growth potential for LNG with the global 

trend of decarbonization. According to the most recent LNG Outlook from Royal Dutch 

Shell PLC (SHELL, 2017), global demand for natural gas is expected to increase by 2% 

a year between 2015 and 2030, with LNG demand expected to rise at 4-5% a year. As for 

the imports of LNG, the majority of demand comes from Asian countries. While 

traditional LNG epicentres such as Japan and South Korea are showing signs of satiation, 

the fastest growing buyers such as China and India have bolstered the increase of LNG 
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demand in 2016 along with the addition of six new importing countries since 2015 (IGU, 

2017).  

As regards LNG supply, capacity will peak at 400 MTPA (million tonnes per annum) by 

2020 as the U.S. and Australia complete export terminals currently under construction. 

Considering the number one LNG player in the world (Qatar) announced its decision to 

boost LNG production by 30% over the next five years in July 2017 and Australia’s LNG 

production will head towards a plateau in 2019 as well, the current LNG market will limit 

the number of new entrants to any future developments or expansion and no new projects 

are expected to emerge from 2020 to 2024. Consequently, the LNG market will face a 

potential supply shortage from 2025 and the demand will catch up with supply 

overcapacity currently coming into the LNG market. Besides the supply which is already 

under proposal or construction, between 125 to 150 MTPA of new supply will be needed 

to meet the global demand by 2030 (Wilhelmsen, 2017). 

1.2 Introduction to floating liquefied natural gas 

The idea of moving an LNG terminal offshore dates back to at least the 1970’s. Over 

many years the concepts have firmed up and the technical barriers and challenges have 

been addressed progressively to make FLNG a reality. Early adopters of the technology 

include Shell who pioneered the concept for the Prelude field in Australia and Petronas 

for Sarawak Malaysia. Targeted to come on stream in 2018 offshore Australia, Shell’s 

innovative Prelude FLNG (see Figure 1.1) facility is the largest offshore floating facility 

ever built, at 488m in length and 74m in width. It arrived in Australian waters in 2017 

and will be deployed off the northwest coast of Western Australia to develop the Prelude 

and Concerto gas discoveries. Once Prelude is in operation, it can provide high production 

rates up to 6 MTPA of liquids, including LNG, liquefied petroleum gas (LPG) and 

condensate. Typically, the FLNG facility will be moored near the gas field by groups of 

mooring chains. A series of production wells will feed gas and condensate from the 

reservoirs into the facility via flexible risers. The processing of gas and condensate occurs 

in modules onboard and the refrigerant process is used to liquefy the gas by chilling it to 

-162 degrees Celsius. Then LNG will be offloaded via a side-by-side vessel configuration 

using specially designed cryogenic loading arms that load the carriers. The products will 

then be shipped directly to customers around the world. The ability of FLNG to produce, 

store and transfer gas to large carriers on-site at an offshore gas field reduces the number  

 



 

 

 

Figure 1.1 Rendering of the Prelude FLNG during offloading operation (courtesy of 

Shell). 

of elements in the supply chain, avoids the high cost of long pipelines and onshore 

construction and causes less environmental footprint than conventional land-based gas 

and oil processing facilities (Loose, 2014). 

1.3 Introduction to offloading operation 

The successful application of the FLNG concept relies on being able to transfer LNG 

from the FLNG vessel to the LNG carrier in the open sea and to achieve high operability, 

which is defined as the probability of success of an offloading operation. Shell considers 

that the probability of success generally needs to be greater than about 80% at any random 

time of arrival of the LNG carrier.  This is to minimize the likelihood of losing LNG 

production as a result of reaching tank tops due to inability to offload, which may result 

in significant loss of revenue. Consequently, offloading operability is clearly a critical 

aspect to be considered in the design stage. 

1.3.1 Offloading methods 

Offshore offloading operations occur in many locations around the globe. Currently, three 

proven methods are available for the offloading of floating storage systems, i.e.  
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(a) Loading at CALM (b) Tandem offloading from turret 

moored FPSO 

  

 
 

(c) Tandem offloading from spread 

moored FPSO 

(d) Side-by-side offloading from turret 

moored FSO 

Figure 1.2 Offloading and mooring configurations. Figure taken from Voogt & Brugts 

(2010). 

offloading from a catenary anchor leg mooring (CALM) buoy, tandem offloading 

and side-by-side offloading (see Figure 1.2). Compared with side-by-side offloading, the 

choice of CALM buoys or tandem offloading enables a longer distance between the 

offloading vessel and the transport vessel. In addition, the transport vessel in these two 

choices can freely weathervane to the prevailing weather (see Figure 1.2(a) and (b)) which 

reduces the external environmental forces exerted on the transport vessel (Figure 1.2 (c) 

cannot weathervane with complete freedom due to the “fixed” heading of the spread 

FPSO). Therefore, tandem loading and use of CALM buoys dominate the offshore 

industry for oil transfer operations, with very few side-by-side loadings being undertaken.  



 

However, a question is why the FLNGs of Shell and Petronas adopt side-by-side 

offloading when it comes to LNG transfer considering that tandem offloading or use of 

CALM buoys is generally a safer offloading option for oil? The simple answer for CALM 

buoys is that they are not suitable for terminal exports of LNG or LPG due to the 

difficulties and cost of maintaining gases at refrigerated temperatures. For tandem 

offloading the reason is that LNG transfer is a relatively new and immature industry and 

relies on conventional LNG carriers of opportunity; however, most conventional LNG 

carriers have been designed with shore-based terminals (using hard arm operations) in 

mind and do not meet the requirements of tandem offloading. This includes: (1) typical 

LNG carriers load at midship which is not suitable for tandem offloading; (2) the lifting 

capabilities of cranes are generally not compatible with the lifting of hoses in open seas 

for tandem offloading; (3) standard LNG carriers typically lack chain stoppers, or where 

fitted, are not suitably sized to meet the requirement of tandem offloading (Newby & 

Pauw, 2010). From the side of the shipowner, there is resistance to adding these new 

features to suit tandem offloading operations. In addition, to enable tandem offloading of 

LNG floating hoses is a preferred solution. Although cryogenic floating hoses are being 

developed to suit tandem offloading of LNG (Giacosa et al., 2016), this technology is still 

in its early stage and needs further time to prove its safety and reliability to the oil and 

gas industry. In light of the above reasons, side-by-side offloading is the only realistic 

choice for LNG transfer now, and is likely to remain so for some time into the future.  

1.3.2 Typical procedures for side-by-side offloading 

Side-by-side offloading usually involves an FLNG facility, to which an export LNG 

carrier is positioned alongside by temporary mooring lines, which are deployed from the 

LNG carrier to the FLNG mooring deck to keep the vessels together. In between the 

offloading vessels, fenders with a typical diameter of ~4m are usually used to reduce the 

risk of collisions; these define the nominal distance between the two vessels. Typically, 

a side-by-side offloading operation of LNG may last about 30 hours and may be 

considered to consist of three operational stages, e.g. approach/berthing, offloading, and 

depart/sail away (Zhao et al., 2018). During the berthing stage, the LNG carrier initially 

approaches the FLNG and is positioned parallel to the FLNG facility at a distance of 

approximately 100~150 m. Tugs are then used to carefully manoeuvre the LNG carrier 

towards the FLNG until it exerts the first impact on the fenders. Henceforth, the mooring 

lines are fastened and pretensioned, and LNG loading arms are connected to the LNG 

carrier manifold in succession. During the offloading stage, LNG is transferred from the 
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FLNG to the LNG carrier. Once the offloading stage completes, the loading arms are 

disconnected one by one and the mooring lines are released. Finally, the LNG carrier is 

allowed to sail away from the FLNG with the aid of tugs if necessary (Poldervaart et al., 

2006).  

1.3.3 Challenges during side-by-side offloading 

Transferring LNG in a dynamic environment at sea is a crucial area of safety. As the 

technology of FLNG offloading is in its early stage and still lacks in-service experience, 

it faces great operational challenges. Exposed to external environmental forces (i.e. wind, 

current and waves), motions of offloading vessels are usually affected by multibody 

hydrodynamic interactions (e.g. gap resonance, sloshing in tanks, roll motions of export 

LNG carriers) and performance of mooring systems (e.g. mooring lines and fenders). The 

hydrodynamic factors play a significant role in determining the relative dynamics of 

offloading vessels which consists of the mean offset caused by wind and current, the slow 

drift motions and the wave frequency motions of the floating system. Large relative 

motions of the offloading structures are of most concern during LNG offloading since 

this causes increased loads in the mooring system, exceedance of acceptable working 

limits for hard loading arms and may also lead to possible collisions of offloading vessels.  

1.4 Introduction to gap resonance  

Gap resonance is a crucial issue to be considered in the design stage of offloading 

operations. It shares many features with ‘moonpool resonance’. A moonpool is usually a 

feature of marine drilling platforms, drillships and diving support vessels, and is a vertical 

opening through the deck and hull of the vessel, allowing technicians or researchers to 

lower tools and instruments into the sea (see Figure 1.3(a)). When external waves interact 

with such a structure at appropriate frequencies, dramatic resonant fluid motions can be 

observed in the moonpool. The resonant water motions mostly take place at the natural 

modes of the moonpool: (a) the sloshing modes where water moves back and forth in-

between the vertical walls and (b) the piston mode where the water inside the moonpool 

heaves up and down somewhat like a rigid body (Molin, 2001). 

In the narrow gap between two offloading vessels, with openings at the gap ends, the first 

mode (equivalent to the piston mode) is always non-flat along the gap. Although 

 



 

 

  

(a) Moonpool (b) Wind turbine 

  

(c) Floatover operation (d) Transhipment of iron ore 

Figure 1.3 Occurrence of gap resonance in offshore engineering application. Figure 

taken from Håvardstun (2013), Groizeleau (2016), Statoil (2017), Almeida (2012). 

side-by-side offloading operations will only be attempted in mild sea conditions, the 

violent resonant free surface elevation in the gap may reach several times larger than the 

level of excitation at particular frequencies of the incident waves (referred to as “resonant 

frequencies”). As the space between the offloading vessels becomes smaller, the 

hydrodynamic interactions in the gap can become more significant (Hong et al., 2002). 

The resultant forces on the floating structures may induce large relative motions of the 

operating units, and further, endanger the loading arms and the mooring system. This may 

increase the downtime of offloading operation and hence affect the overall economic 

performance of FLNG projects and may even pose a great threat to the safety and security 

of offloading vessels and deck crew.  

Moonpools or gaps also occur in many other offshore scenarios, which may allow large 

resonant fluid motions to occur. These include the “damping pool” of an offshore wind 

turbine, gaps in between two barges supporting topsides during float-over operation 

(where the gap is relatively large as the width is not dictated by fenders) and transhipment 

of dry bulk cargo such as iron ore (see Figure 1.3(b)-(d), respectively). Hydrodynamic 

resonances may induce operational issues for these offshore structures if no precautionary 
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measures are taken. To provide guidelines for safe and reliable operations, there is a need 

to gain a better understanding of the underlying physics of gap resonance phenomena to 

ensure the greatest possible degree of safety for these offshore activities. 

1.5 Thesis outline 

While data from the field scale prototype is the ideal resource for a gap resonance study, 

such field data is always difficult to obtain.  Thus, laboratory model testing in a wave 

basin remains a crucial tool in research and design, and it is vital to understand these tests 

and their implications for full scale. For laboratory model tests it is also well-known that 

the measurement resolution in time and space is limited in a large wave basin; for 

example, it is not normally practical to deploy many wave gauges in the narrow gap. 

Besides, most available experimental results for gap resonance focus on free surface 

elevation measured at limited positions in the wave basin. Flow field information such as 

velocity and pressure are also not always monitored during wave basin experiment, 

despite their usefulness when investigating and explaining the underlying physics.  

Motivated by these points, this thesis is concerned with numerical modelling of gap 

resonance at lab-scale using computational fluid dynamics (CFD). This includes the 

analysis of various parametric effects of two-dimensional (2D) gap resonance, 

development of a reliable numerical wave tank (NWT) to successfully reproduce three-

dimensional (3D) experimental gap resonance and an investigation into viscous effects 

and effects associated with the nonlinear free surface conditions by interrogation of both 

wave field and local flow field information.  

The organization of the thesis is as follows. Chapter 2 begins with a literature review of 

previous research work on gap resonance, followed by the need for further research and 

the aims of this thesis. Chapter 3 presents the numerical methods used in this thesis. 

Chapter 4 investigates the effects of entrance shape, amplitude of gap oscillation, water 

depth and viscosity on gap resonance in 2D. Chapter 5 develops a NWT to simulate 3D 

gap resonance by systematically optimizing mesh topology and size, domain size and 

boundary conditions. Chapter 6 and Chapter 7 utilize the established NWT to reproduce 

experimentally determined 3D gap resonance with round corners. The wave field and 

local flow field information in high-resolution are interrogated to investigate the viscous 

effects of boundary layer damping and effects associated with higher harmonics. Chapter 

8 considers 3D gap resonance with square entrance corners and discusses possible reasons 



 

for observed discrepancies between numerical modelling and experimental data. Lastly, 

in Chapter 9 the main conclusions of this thesis are presented and suggestions for future 

work are made. 



 
Chapter 2: Literature review 

2-1 

 

2 LITERATURE REVIEW 

 

2.1 Introduction to trapped modes 

In a broad sense, gap resonance relates to the category of so-called trapped modes and the 

associated structures, referred to as trapping structures. In the linearized water-wave 

problem, trapped modes are non-trivial solutions of the corresponding homogenous 

boundary-value problem at particular isolated frequencies for which there are no waves 

in the far field.  They represent free surface oscillations with finite energy of the fluid 

confined to the vicinity of a certain special structure.  

Trapped modes were initially studied by mathematicians seeking to prove the uniqueness 

of solutions in the frequency-domain of the linearized water-wave problem. For a specific 

geometry, non-uniqueness of the solution to the water-wave problem corresponds to the 

existence of trapped modes and vice versa. John (1950) first proved uniqueness for a class 

of geometries and since then many partial results have been obtained (see e.g. Simon & 

Ursell, 1984). At the time, many researchers in the field believed it was only a matter of 

time before a general uniqueness proof would be obtained for any structural geometries 

and for all frequencies. This situation changed when a significant breakthrough was made 

when McIver (1996) constructed the first examples of non-uniqueness for the water-wave 

problem. She constructed a potential of two wave sources in the free surface with a 

separation of half a wavelength, which is representative of a trapped mode of oscillation 

between two surface piercing bodies. Since then, many other trapping structures have 

been discovered in both 2D and 3D water-wave problems. This includes construction of 

trapped modes in axisymmetric toroidal structures (McIver & McIver, 1996; Kuznetsov 

& McIver, 1997), elliptical toroidal structures (McIver & Porter, 2002), two concentric 

surface-piercing circular cylinders with zero thickness (Shipway & Evans, 2002) and non-

axisymmetric trapping structures without a vertical axis of symmetry (McIver & 

Newman, 2003). Newman (1999) carried out a hydrodynamic analysis of a surface-



 

piercing toroidal structure using the potential flow software WAMIT and provided 

numerical evidence for the existence of trapped modes; namely, that the added mass, 

damping coefficients and free surface elevation all display singular behaviour in the 

vicinity of the trapped-mode frequency. Conversely, the existence of a trapped mode 

means that it is difficult to find accurate numerical solutions to the radiation and scattering 

problems near the trapped mode frequency. According to the new nomenclature 

introduced by McIver (2005), these structures are so-called ‘sloshing trapping structures’, 

which are either held fixed or forced to move in a prescribed fashion. Another category 

is ‘motion trapping structures’, which are freely floating structures able to respond to 

hydrodynamic forces. Examples of motion trapping structures were constructed for both 

heave and surge motions in two dimensions by McIver & McIver (2006) and for heave 

motion in three dimensions by McIver & McIver (2007).  

Although a large variety of trapping structures have been created, they take prudent 

construction. In general, pure trapping is very unlikely to occur. For offshore structures 

where large resonant effects take place, near-trapping is expected, with small but non-

zero radiation from the modes. Wolgamot et al. (2016) experimentally constructed a 

simple near-motion-trapping structure consisting of a ring of eight truncated cylinders.  

In this thesis, the main concern is with ‘sloshing near-trapped modes’ associated with two 

fixed boxes with a narrow gap in-between. 

2.2 Literature review on gap resonance 

2.2.1 Experimental studies 

Model tests in a physical wave basin or flume have been important in investigating gap 

resonance. A relatively large number of 2D tests have been carried out in flumes, with 

rather fewer in 3D due to the need to use a wave basin.  Saitoh et al. (2006) conducted a 

series of 2D model tests to investigate gap responses between two fixed boxes under the 

excitation of regular waves with various gap widths and drafts. Faltinsen et al. (2007) 

performed 2D model tests to investigate the resonant frequency and amplitude of piston-

mode resonance inside a moonpool under small heave excitations. Kristiansen & 

Faltinsen (2009) carried out 2D model tests to study the resonant water motions between 

a fixed gravity-based structure (GBS) and a ship with round corners in shallow water. 
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3D model tests have been carried out with different gap widths, which can affect the gap 

resonant fluid behaviours differently in terms of the relative contribution of viscous and 

radiation damping (with a smaller gap, the contribution of viscous damping will become 

more important). Molin et al. (2009) carried out 3D model tests to investigate gap 

resonance in between two fixed, rigidly connected side-by-side rectangular barges with 

round and square bilges under the excitation of irregular waves with different headings. 

The minimum gap width was 9 m at full scale (based on scaling by a standard LNG carrier 

width of 46 m). Clauss et al. (2013) conducted 3D model tests to study free surface 

elevation in a gap using transient wave groups in head seas. The gap was created by a 

fixed terminal barge and an LNG carrier with minimum width corresponding to 4 m at 

full scale. Perić and Swan (2015) carried out 3D model tests to study the fluid behaviour 

in the gap between a full depth box (representing a GBS) and either a fixed ship-shaped 

box, or a floating ship, in close proximity. The gap width was 6 m at full scale. Recently, 

Zhao et al. (2017) conducted 3D experiments in transient wave groups to investigate 

resonant fluid motions in a gap of width 4m at full scale (close to the gap width for LNG 

offloading operation), for fixed vessels with round and square bilges. In both cases 

substantial damping in addition to radiation damping was clearly present, and for the 

round bilge cases it was suggested that the damping was almost entirely due to laminar 

boundary layers. Chua et al. (2018) conducted 3D model tests to investigate the gap 

responses under different irregular seas conditions and bilge geometries, where the gap 

width corresponded to 8 m at full scale.  

2.2.2 Linear potential flow models 

Linear potential flow theory has been proven to give good estimates of resonant 

frequencies for gap or moonpool flows. The linear 3D gap problem was probably first 

studied by Newman and Sclavounos (1988) using a linear potential flow model to 

consider two rectangular barges arranged in a catamaran configuration with a small gap 

in-between. Molin (2001) proposed a theoretical approximation method based on linear 

potential flow theory to calculate the resonant frequencies of the piston as well as sloshing 

modes in a rectangular moonpool for both 2D and 3D configurations under the 

assumptions of infinite water depth and infinite length and beam of the barge that contains 

the moonpool. The theoretical method can be extended to derive the approximate natural 

modes of an open-ended moonpool or gap by applying Dirichlet conditions instead of 

Neumann conditions at the gap ends (Molin et al., 2002) and to estimate the natural 



 

frequencies of rectangular moonpools with one or two recesses (Molin, 2017). More 

recently, Molin et al. (2018) derived a modified theoretical model by releasing the 

assumptions of infinite depth and infinite horizontal extent of the support. Faltinsen et al. 

(2007) proposed an analytically oriented method based on linear potential flow theory for 

the prediction of 2D piston-mode steady motions of fluid in a moonpool formed by two 

rectangular hulls under vertical harmonic excitation in calm water with finite depth. Their 

method gives better agreement with resonant frequencies from 2D experimental results 

than Molin’s method (Molin, 2001), which depends on choosing the position of an 

artificial sink or source and is for a fixed support. The discrepancies between these 

methods increase when the draught is small relative to the moonpool width. Sun et al. 

(2010) used a linear potential flow model to calculate the resonant frequencies of free 

surface oscillations in between two parallel barges in 3D and the results were close to 

those predicted using Molin’s method (Molin et al., 2002). 

Although linear potential flow theory predicts resonant frequencies well, it generally 

over-predicts experimentally determined resonant amplitudes of gap responses (e.g. 

Buchner et al., 2001; Pauw et al. 2007). (Although both Molin et al. (2009) and Clauss et 

al. (2013) found that undamped linear potential flow models gave reasonable agreement 

with experimental results for round bilge cases. However, in the former case the gap was 

rather wide, meaning radiation damping was relatively important, while in the latter 

transient wave groups were used to derive response amplitude operators, meaning that 

questions exist about the frequency resolution of the experimental response curves.) The 

amplification becomes unrealistically large close to the resonant frequency, when the 

wave radiation damping is small. To suppress the unrealistic water motions in the gap, 

some researchers proposed “rigid lid” (Huijsmans et al., 2001), “flexible mat” (Lee & 

Newman, 2004) or “linear dissipation term” (Chen, 2005) methods to introduce artificial 

damping in a linear potential flow model. However, the choice of such artificial damping 

requires calibration against results from experiment or CFD studies – emphasising the 

importance of these – and there are no rules existent for the tuning of such artificial 

damping (Pauw et al., 2007). 

2.2.3 Nonlinear potential flow models 

Weakly nonlinear potential flow models have also been used to investigate the gap 

resonance problem. Teigen and Niedzwecki (2006) calculated the free surface elevations 

between closely spaced barges, including second-order sum-frequency components, 
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using a second-order potential flow code (WAMIT). Sun et al. (2010) computed second-

order elevations and forces for a two-box gap problem using a second-order potential 

flow code (DIFFRACT). It should be noted that it is quadratic excitation at half the gap 

resonant frequency that is important to the amplitude of gap response, rather than the 

second-order terms arising from linear excitation of gap resonance. 

Sources of the amplitude discrepancy identified above (between unmodified linear 

potential flow results and experiments) are generally believed to be viscous effects and 

perhaps effects associated with the nonlinear free surface condition. Kristiansen & 

Faltinsen (2008) performed numerical simulations using a fully nonlinear potential flow 

(FNPF) model based on a standard 2D mixed Eulerian-Lagrangian approach (MEL) to 

study the effects associated with the nonlinear boundary conditions and showed that the 

effects are insignificant. A later FNPF numerical study by Feng & Bai (2015) in 3D also 

found only very slight reductions in the amplitude of the resonant response even for rather 

steep incoming waves, although there was a small frequency shift of the peak response 

with increasing amplitude. Thus, more effort has been focused on viscous dissipation.  

2.2.4 Hybrid models 

Sources of viscous dissipation for this problem are typically separated conceptually into 

skin friction losses and losses associated with separation. In an early experimental study 

of the gap problem Molin et al. (2002) estimated the energy losses due to wall friction 

and flow separation at the (square) bilge for waves propagating in a long narrow channel; 

wall friction being about 15% of the total.   

To account for the effects of vortex shedding, several hybrid models have been proposed. 

Faltinsen et al. (2007) incorporated the discrete vortex method into a linear potential flow 

model, while Kristiansen and Faltinsen (2008) incorporated the vortex tracking method 

in a time-domain NWT within the framework of potential flow theory. Both considered 

gap resonance driven by vertical harmonic excitation of a 2D moonpool with square 

bilges. The latter study concluded that vortex shedding explains the major part of the 

amplitude discrepancy between linear potential flow theory and experiment while the 

former study concluded otherwise. Kristiansen and Faltinsen (2008) emphasized the 

importance of using a time-domain method to properly account for the effect of vortex 

shedding which may explain the different conclusion compared to that drawn from 

Faltinsen et al. (2007). One disadvantage of vortex tracking methods is that they require 



 

a priori knowledge of flow separation point. This means the method is only suitable for 

sharp bilges and cannot be applied to bodies with round corners, where the flow 

separation point is hard to predict. In addition, the vortex tracking method is not robust 

and breaks down when the free shear layer turns into “spaghetti” (Sauder et al., 2010).  

Kristiansen & Faltinsen (2012) and Fredriksen et al. (2015) created 2D hybrid potential 

flow-Navier-Stokes solver models to try to incorporate losses due to separation from the 

sharp bilges of catamaran boxes in forced heave and wave-excited heave and roll, and 

found good agreement with response curves from experiments. Kristiansen et al. (2013) 

used the same method as Kristiansen & Faltinsen (2012) to simulate a 3D moonpool setup 

and found good agreement with experimental results, with overprediction of up to 10%. 

Faltinsen & Timokha (2015) and Tan et al. (2017) developed methods based on hydraulic 

arguments and calibration with 2D experimental data to modify potential flow solvers to 

correctly incorporate viscous losses associated with wall friction and flow separation.  

2.2.5 CFD models 

Compared to the potential flow and hybrid viscous models, a fully CFD model based on 

Navier-Stokes solvers takes both viscous effects and effects associated with the nonlinear 

free surface conditions into account and can (in theory) be used to consider the effects of 

both square and round bilges. It may be able to predict both resonant frequencies and 

amplitudes accurately without any parametrical tuning. Lu et al. (2008) carried out CFD 

simulations to investigate 2D gap resonance under the excitation of regular waves and the 

results (gap responses) agreed well with the experimental data of Saitoh et al. (2006). 

Sauder et al. (2010) investigated gap resonance between two hulls undergoing forced 

heaving oscillations. Their numerical results overestimate the experimental results of 

Kristiansen (2009) by 12% in amplitude and 3% in resonant frequency. Nonetheless, the 

results are an obvious improvement compared to potential flow models. Moradi et al. 

(2015) studied the influence of geometrical properties such as entrance shape including 

square corner and round corner with different radius, body breadth, gap width and draft 

on gap resonance characteristics. Jin et al. (2018) employed an unsteady Reynolds-

averaged Navier-Stokes (URANS) solver to investigate hydrodynamic interactions of a 

conceptual FLNG-LNG offloading system in regular waves. The URANS method offers 

better predictions for the experimental gap responses than potential flow model, 

especially when the gap width is small. Jiang et al. (2018) and Jiang et al. (2019) 

investigated 2D gap resonance between two non-identical parallel boxes using CFD; the 
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former focused on explaining the trend for gap responses with different drafts from the 

perspective of energy ‘transformation’ and dissipation, while the latter studied the 

similarity and discrepancy of hydrodynamic behaviour between gap responses and wave 

forces.  

Although CFD methods have been extensively applied to gap resonance in 2D, they have 

been applied less in 3D, where the computational demand is much greater. Feng et al. 

(2017) simulated regular waves interacting with the square bilge version of the 3D model 

tested by Molin et al. (2009), and found reasonable agreement with experimental response 

curves (generated from irregular wave tests). For each frequency considered, it was found 

necessary to run 20-50 wave periods, to ensure that steady state was reached. Apart from 

the computational cost, 3D gap resonance differs from its 2D counterpart in allowing 

spatial structure along the gap and hence multiple modes can easily be excited in the gap 

by waves of moderate spectral bandwidth. In terms of numerical setup, a 3D simulation 

is much more challenging than a 2D simulation and requires careful selection of relevant 

parameters. 

2.3 The need for further research 

Although field experiments at the prototype scale are the ideal for a gap resonance study, 

such field data has been very difficult to obtain to date in the field of research in general. 

Laboratory experiments therefore provide the most accessible available data source for 

design and research. This introduces a need to understand the gap resonance problem at 

lab-scale and to try to draw out the implications for full scale. 

A relatively large number of experiments on the gap resonance problem have been carried 

out in 2D, but less so in 3D. Zhao et al. (2017)’s experiments are one of the very few 

published 3D experimental programs with the correct full-scale gap width for FLNG side-

by-side offloading. Despite the reasonable success of modelling 2D gaps with square 

corners using CFD/hybrid models, this has not really been demonstrated in 3D, 

particularly for the right gap width. Although Moradi (2015) and Feng et al. (2017) 

investigated the gap resonance problem in 3D configuration using CFD, the 

understanding of the problem is not complete.  

Compared to the gap problem with square corners, much less numerical work exists for 

modelling of round corners using CFD, especially in a 3D configuration. Although some 



 

studies (Kristiansen & Faltinsen, 2009; Zhao et al., 2017) have stated that the boundary 

layer damping for round corners at lab-scale is very likely to be laminar, these statements 

have not been supported by direct evidence.  

Generally, the peak frequency of the wave spectrum is substantially below the natural 

frequencies of the gap system, but large excitation of higher harmonics may still occur. 

The ability of a CFD model to consider both the effects associated with the free surface 

boundary conditions and viscous effects allows investigation of higher harmonics of gap 

resonance, while properly accounting for the damping affecting the gap oscillations 

without any parametric tuning. Potential flow models or the hybrid model incorporating 

a Navier-Stokes solver near the gap region into a potential flow model in the bulk fluid 

but with a linear free surface boundary condition (Kristiansen & Faltinsen, 2012) fail to 

work for this important case.  

3D CFD simulations are much more time-consuming than 2D CFD simulations. It is 

preferable to get a hand on the gap problem from 2D simulations first and then move on 

to the more practical 3D gap problem. 

2.4 Aims of this thesis 

This thesis aims to investigate gap resonance at lab-scale using CFD. In light of the above 

discussion, this thesis sets out four objectives: (1) Develop a NWT (validated where 

possible) to investigate the effects of various factors on gap resonance in 2D and to 

provide guidelines for more practical 3D study; (2) Explore a reliable method of 

recreating experimental transient wave groups in the NWT, to enable comparisons of 

numerical gap resonance with experimental data involving transient wave groups; (3) 

Develop a reliable NWT in 3D, to reproduce the experimental gap responses obtained by 

Zhao et al. (2017); (4) Interrogate the flow field information to gain new understandings 

for 3D gap resonance under transient wave groups.  
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3 NUMERICAL METHODS 

 

3.1 Introduction 

This chapter briefly presents the numerical methods used in this thesis. For CFD 

modelling in this thesis the open source package OpenFOAM (for “Open source Field 

Operation And Manipulation”) is employed. The object-oriented C++ code enables users 

to create custom solvers and utilities with relative ease and at no cost, which has led to 

constant improvement of OpenFOAM by users from the community. The open source 

toolbox “waves2Foam” developed by Jacobsen et al. (2012) is used here to establish the 

NWT which incorporates wave generation and wave absorption. The following 

subsections present an introduction to the numerical methods involved in the NWT, 

including governing equations, free surface modelling technique, boundary conditions 

and discretization method. 

3.2 Governing equations 

The governing equations used for describing the motion of the combined incompressible 

flow of air and water in a fully nonlinear NWT are given by the mass conservation (or 

“continuity”) equation and the momentum conservation (or “Navier-Stokes”) equations 

in Eulerian coordinates,  

 ∇ ∙ 𝒖 = 0, (3.1) 

 
𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ ∇)𝒖 = −

∇𝑝

𝜌
+ 𝜈∇2𝒖 + 𝒈 , (3.2) 

where 𝒖, 𝑝, 𝜌 , 𝜈  and 𝒈= (0, 0, -9.81) m/s2  represent fluid velocity vector, pressure, 

density, kinematic viscosity and gravitational acceleration vector, respectively. Together 



 

with predefined boundary conditions, the governing equations are solved for the 

unknowns 𝒖 and 𝑝. 

3.3 Free surface modelling 

Simulation of water-wave problems in a NWT involves evaluating the evolution of the 

free surface between water and air. The volume of fluid (VOF) method is a free surface 

modelling technique, which is used for capturing or locating the free surface. It falls into 

the class of Eulerian methods characterized by either a stationary mesh or a mesh moving 

in a certain prescribed manner to accommodate the evolving shape of the free surface. In 

the conventional VOF method (Hirt and Nichols, 1981), the movement of phases is 

tracked using a phase indicator function 𝛾, which represents the volume fraction of water. 

The indicator function 𝛾  varies from zero (pure air) to unity (pure water), with 

intermediate values indicating a mixture of both phases. Accordingly, gradients of the 

phase function only appear in the region of the free surface. The transport equation for 

the indicator function is solved simultaneously with the mass and momentum 

conservation equations following an advection-based scheme: 

 
𝜕𝛾

𝜕𝑡
+ ∇ ∙ (𝒖𝛾) = 0 (3.3) 

where 𝒖 represents the velocity shared by the two fluids. The two immiscible fluids are 

considered as one effective fluid throughout the domain and the spatial variation in any 

fluid property 𝛽 (e.g. 𝜈 and 𝜌) can be expressed through a weighted function given by 

 𝛽 = 𝛾𝛽𝑤𝑎𝑡𝑒𝑟 + (1 − 𝛾)𝛽𝑎𝑖𝑟 (3.4) 

In waves2foam a modified VOF approach (Berberović et al., 2009) is adopted in which 

an additional convective term originating from modelling the velocity through a weighted 

function of the corresponding liquid and gas velocity is introduced to the transport 

equation of the phase indicator function. This model makes use of the Eulerian model for 

the two-phase flow, where phase fraction equations are solved separately for each phase, 

 
𝜕𝛾

𝜕𝑡
+ ∇ ∙ (𝒖𝑤𝑎𝑡𝑒𝑟𝛾) = 0 (3.5) 
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 𝜕(1 − 𝛾)

𝜕𝑡
+ ∇ ∙ [𝒖𝑎𝑖𝑟(1 − 𝛾)] = 0 

(3.6) 

Assuming that the evolution of the free surface is determined by the contributions of the 

water and air velocities which are proportional to their corresponding phase fraction, 

 𝒖 = 𝛾𝒖𝑤𝑎𝑡𝑒𝑟 + (1 − 𝛾)𝒖𝑎𝑖𝑟 (3.7) 

Eq. (3.5) can be recast into a new evolution equation for the phase indicator function 𝛾, 

 
𝜕𝛾

𝜕𝑡
+ ∇ ∙ 𝒖𝛾 + ∇ ∙ 𝒖𝑟𝛾(1 − 𝛾) = 0 (3.8) 

The last term on the left-hand side of Eq. (3.8) is a term which limits the smearing of the 

interface, where 𝒖𝑟 = 𝒖𝑤𝑎𝑡𝑒𝑟 − 𝒖𝑎𝑖𝑟 is the vector of relative velocity between the water 

and air phases. This VOF method is simple yet powerful and has the advantage of 

providing a sharper interface/resolution compared with the conventional VOF method. 

However, due to the large density difference between water and air, small errors in 

volume fraction may result in large errors in calculations of physical properties. This may 

lead to smearing of the free surface over a few grid cells and the interface region is 

therefore highly sensitive to grid resolution and aspect ratio of grid cells (see examples in 

Section 5.3.2.4). 

3.4 Boundary conditions 

The boundary conditions include a wave generation boundary condition at the inlet, no 

slip boundary conditions at the solid walls of the boxes and the bottom of the NWT, a 

“pressureInletOutletVelocity” boundary condition (see Greenshields, 2015) at the top of 

the NWT, and wave absorption zones via the relaxation zone technique near both the inlet 

and the outlet. The boundary conditions associated with wave generation and absorption 

are detailed below. 



 

3.4.1 Wave generation 

Generally, there are three methods for wave generation in a NWT. The first method is to 

replicate the action of a piston-type wave maker in laboratory experiments. This can be 

realized via simulating a solid object pushing the fluid following a predefined manner 

(see e.g. Huang et al., 1998). Since a piston-type wave maker is replicated, aside from the 

free surface location only the horizontal velocity needs to be specified. This method is 

advantageous when the purpose is to reproduce experimental results. The second method 

is the internal mass-source function method developed by Lin and Liu (1999), which 

generates a specific wave train using the mass-source function of the equation of mass 

conservation in the internal flow region. This method uses a sponge layer or open 

boundary to allow outgoing waves and removes the difficulty of dealing with reflected 

waves. Therefore, it is useful for long duration simulations where reflected waves are 

significant. waves2Foam adopts the third method in which the analytical expressions 

derived using a specific wave theory for the free surface and velocity (horizontal and 

vertical components) distribution are specified at the wave generation boundary. Various 

wave theories are available in waves2Foam, including first-order, second-order, and fifth-

order Stokes wave theories for regular waves, as well as cnoidal theory and stream 

function theory. First-order irregular waves or wave groups can be achieved via simple 

superposition of first order Stokes waves, where the first order Stokes theory is 

extrapolated to the free surface: 

  𝜂 =∑𝐴𝑖cos (𝜔𝑖𝑡 − 𝒌𝑖 ∙ 𝒙 + 𝜃𝑖)

𝑁

𝑖=1

 (3.9) 

where 𝜂 is the free surface elevation, 𝑁 is the number of wave components, 𝐴𝑖, 𝜔𝑖, 𝒌𝑖, 𝜃𝑖 

are the amplitude, radian frequency, wave number vector and phase of the 𝑖th wave 

component. Other wave theories (e.g. second-order focused waves, though this was not 

implemented here) can be coded with relative ease due to the object-oriented nature of 

C++ programming.  
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Figure 3.1 Definition sketch of variation of weighing function 𝛼𝑅(𝜒) for both inlet and 

outlet relaxation zones. 

3.4.2 Wave absorption  

Absorbing reflected waves at the same time as wave generation is a challenging task for 

both laboratory experiments and numerical modelling. Waves at a field scale prototype 

in the open ocean can propagate away from the zone of interest. However, both physical 

wave basins and NWTs are constrained in size, due to physical or computational 

restrictions. If the outgoing waves are strongly reflected, the results can be distorted. 

Traditional wave absorption methods for numerical modelling include passive wave 

absorbers, such as dissipative beaches, porous media or porous plates. These absorption 

methods do not work well for long waves which may still reflect at the absorbers since 

they do not break. As opposed to passive wave absorbers, active wave absorption methods 

modify the velocity at the wave generation boundary to generate the desired waves and 

cancel out the waves to be absorbed based on the difference between the desired free 

surface and the one measured in the wave tank. This method was first developed for 

experimental facilities (Schäffer et al., 1994) and has shown very good performance in 

numerical wave absorption (Higuera et al., 2013). waves2Foam employs a relaxation 

zone technique which enables long-time simulations without wave reflections from the 

boundaries. Inside the relaxation zone, the computed value of a flow field property 

𝛽𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑  (e.g. 𝒖𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑) is relaxed towards a target value 𝛽
𝑡𝑎𝑟𝑔𝑒𝑡

 predefined at the 

boundary. For example, at the inlet wave generation boundary the target value is the 

incident wave condition ensuring that only reflected waves are absorbed; at the outlet a 

zero free surface elevation condition is specified ensuring the propagating waves are 

absorbed properly. The relaxation is controlled by a spatial weighting function 𝛼𝑅 that 

takes a value of zero at the boundary and unity at the interface of the relaxation zone and 



 

computational domain. The relaxed flow field property in the relaxation zone is computed 

according to Jacobsen et al. (2012): 

 𝛽 = 𝛼𝑅𝛽𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 + (1 − 𝛼𝑅)𝛽𝑡𝑎𝑟𝑔𝑒𝑡 (3.10) 

with the following functional form of weighting function 

 𝛼𝑅(𝜒) = 1 −
exp(𝜒3.5) − 1

exp(1) − 1
,   𝑓𝑜𝑟  𝜒 ∈ [0,1]. (3.11) 

where χ is the coordinate of a local coordinate system within the relaxation zone such that 

𝛼𝑅(𝜒 = 0)=1 and 𝛼𝑅(𝜒 = 1)=0 (see Figure 3.1). 

3.5 Discretization method 

The purpose of discretization is to transform one or more partial differential equations 

into a corresponding system of algebraic equations. Generally, the discretization process 

consists of two procedures, i.e. the discretization of the computational domain and that of 

the equations. The former discretization procedure produces a numerical description of 

the computational domain, including the positions of points at which the solution is 

sought and the description of the boundary. The space and time intervals are divided into 

a finite number of discrete regions and time steps. The latter discretization procedure 

provides an appropriate transformation of the terms of the governing equations into 

algebraic expressions.  

OpenFOAM adopts the finite volume method (FVM) of discretization. The method is 

based on discretising the computational domain into a finite number of control volumes 

or cells and the integral form of the governing equations over each control volume is used 

for discretization of governing equations. Therefore, the basic quantities (e.g. mass and 

momentum) will be conserved for each control volume. The solution of variables is 

sought at the centroid of each control volume and an interpolation scheme is used to 

evaluate the values at the cell faces from the values at the centroids. Details of the 

discretization practice can be found in Jasak (1996). In this thesis, second-order schemes 

were used for spatial discretization while first-order implicit Euler scheme was used for 

temporal discretization. The values at the cell faces of each finite volume are obtained 
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from cell centres via linear interpolation. In an Eulerian representation, the governing 

equations are solved in a fixed Cartesian coordinate system on a mesh that does not 

change in time. 
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4 TWO-DIMENSIONAL GAP RESONANCE 

BETWEEN TWO FIXED VESSELS 

 

4.1 Introduction 

This chapter focuses on 2D gap resonance at lab-scale, for which experimental 

comparison from Saitoh et al. (2006) can be used for validation of the present CFD model. 

The configuration consists of a narrow gap formed by two fixed boxes arranged side-by-

side, and is representative of a moonpool, or a slice through a side-by-side offloading 

system consisting of an FLNG and an LNG carrier under beam sea conditions (though 

boxes of equal size are used here for simplicity).  

For 2D narrow gaps between side-by-side offloading vessels the sloshing modes occur at 

such high frequency that they are of less practical relevance. In 3D a series of modes with 

different numbers of half-wavelengths along the gap are present, but these do not occur 

in 2D. Despite the differences, the sources of damping which are crucial in determining 

the size of the oscillatory gap flows are similar in 2D and 3D. This allows us to better 

understand the gap resonance problem in 2D first with much less computational cost, 

which provides insights and guidelines for the following 3D study. 

Gap flows are influenced by entrance (bilge) shapes. As shown in Figure 4.1, three 

entrance shapes, namely square corners, round corners and the more practical bilge keel 

shapes are investigated in this chapter. The apices of the bilge keels coincide with the 

corresponding vertices of the square boxes so that the widths of both entrances are the 

same. The base of each bilge keel is mounted in the middle of the corresponding corner. 

Following a mesh independence study, the effects of entrance shape, amplitude of gap 

oscillation, water depth, and scaling effect via varying viscosity on 2D gap resonance are 

investigated. 

 



 

 

 

Figure 4.1 Definition sketch of entrance shapes (a) square corner (b) bilge keel (c) 

round corner. 

4.2 Convergence and mesh independence study  

In this section structured meshes are generated for side-by-side systems consisting of two 

boxes with different entrance shapes. The process of choosing the benchmark meshes for 

square and bilge keel entrance shapes are similar and hence only the mesh independence 

tests for square and round entrance shapes are discussed here. The mesh independence 

tests are performed by refining the meshes near the free surface and in the gap region 

considering that (1) the propagation of incident and scattered/radiated waves depends on 

the free surface mesh and (2) the damping caused by wall friction and/or flow separation 

which affects the oscillatory gap flows depends on the mesh in the gap region. To properly 

generate the incident regular waves, the horizontal cell width Δ𝑥1 and vertical cell height 

Δ𝑧1 near the free surface are chosen such that there are at least 100 cells per wavelength 

𝜆  and 24 cells per incident wave height 𝐻. The near-wall cell width Δ𝑥2 is varied and the 

adjacent cells are expanded to Δ𝑥1  away from the boxes which will be discussed in 

Section 4.2.1 and Section 4.2.2.  

4.2.1 Square entrance shape 

As shown in Figure 4.2, a 2D NWT with main dimensions (𝐿𝑤, 𝐻𝑤)=(12.0, 1.0) m was 

established to accommodate the side-by-side system consisting of two identical boxes 

with square corners. According to Jacobsen et al. (2012), the relaxation zone performs 

well in wave absorption when the length of relaxation zone is larger than the wavelength  
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Figure 4.2 Definition sketch of 2D numerical wave tank (N.B. 𝐵𝑔 is scaled up by a 

factor of 4 in the figures). 

of interest. Therefore, relaxation zones of 3 m in length were applied at the inlet and the 

outlet to facilitate wave generation and absorb reflected waves. The main dimensions of 

the boxes were ( 𝐵𝑚, 𝐻𝑚, 𝐷𝑚)= (0.5, 0.5, 0.252) m, where 𝐵𝑚, 𝐻𝑚 and 𝐷𝑚 are the width, 

height and draft of the model, respectively. The water depth ℎ was 0.5 m, the gap between 

boxes 𝐵𝑔=0.05 m and the incident wave height 𝐻=0.024 m. This corresponds to an 

arrangement tested experimentally by Saitoh et al. (2006). The origin of the NWT was 

positioned at the mean free surface at the centre of the gap, with 𝑥 the direction of wave 

propagation and 𝑧 positive upwards. 

Five cases A1-A5 with Δ𝑥2=10 mm, 2 mm, 0.4 mm, 0.1 mm, 0.05 mm were used for 

numerical simulations. An illustration of the mesh with Δ𝑥2=0.1 mm is shown in Figure 

4.3. It can be seen that high-resolution mesh is used near the entrance where vortices will 

shed periodically under the excitation of regular waves due to the presence of sharp 

corners. The time series of free surface elevation measured at the centre of the gap is 

representative of the level of response at any point across the gap and is referred to as 

“gap response” in the remainder of this thesis. The time series of gap response at 

resonance for Case A1 (Δ𝑥2=10 mm) is shown in Figure 4.4 and the envelopes (calculated 

as √𝜑2 + 𝜑𝐻
2 , where 𝜑𝐻  is the Hilbert transform of 𝜑) are displayed in the figure to 

indicate the steadiness of the gap response. It is found that the resonance will build up to 

steady state within 15 cycles. Considering the frequencies of gap responses of Case A1-  

 



 

  

  

(a) (b) 

Figure 4.3 Illustration of mesh for square entrance shape (Δ𝑥2=0.1 mm). (b) illustrates 

the local mesh details near the gap entrance indicated in (a). 

 

 

Figure 4.4 Time series and envelopes of resonant gap response for square entrance 

shape for Case A1 (∆𝑥2=10 mm, 𝑘ℎ=1.56, 𝐻=0.024 m). 𝜑 is the surface elevation of 

gap response, 𝐴𝜂, 𝑇 and 𝑘 are the amplitude, period and wave number of incident wave 

respectively.  

 

 

Figure 4.5 Envelopes of time series of resonant gap responses for square entrance shape 

with various meshes (𝑘ℎ=1.56, 𝐻=0.024 m). 

  

Box 1 Box 2 

Box 1 Box 2 
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(i) 𝑡 = 𝑇  

Figure 4.6 Vorticity contour at various phases during a cycle for A1. Black line is used 

to indicate the location of free surface. 
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(i) 𝑡 = 𝑇  

Figure 4.7 Vorticity contour at various phases during a cycle for A4. Black line is used 

to indicate the location of free surface. 
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A5 are in very good agreement, only the envelopes of the time series of gap responses at 

resonance are shown in Figure 4.5 for easy comparison. Except for Case A1 (which is a 

very coarse mesh) it is found that all the other envelopes have some irregular variation 

about their mean, which makes it hard to define a steady state. 

To investigate the cause of this difference between A1 and A2-A5, the vorticity at 

different phases of a cycle for A1 and A4 are illustrated in Figure 4.6 and Figure 4.7 

respectively, where the normalized vorticity vector 𝛀𝒚 is defined as  

 𝛀𝒚 = (
𝜕𝑢𝑧
𝜕𝑥

−
𝜕𝑢𝑥
𝜕𝑧
)/(
𝑢𝑧
𝑚

𝐵𝑔
) ∙ 𝒋 (4.1) 

where 𝑢𝑥 and 𝑢𝑧 are the velocity along the wave propagation direction and the vertical 

velocity respectively, 𝑢𝑧
𝑚 is the maximum vertical velocity in the gap and 𝒋 is the unit 

vector directed along the positive 𝑦 axis, which points out of the 𝑥𝑂𝑧 plane. Vortices shed 

at the square corners when the water flows in and out of the gap due to the presence of a 

forced separation point. As regards A1 with coarse mesh in the gap, vortex structures 

cannot be resolved properly. The separated vortices are weak and symmetrical, and 

dissipate quickly before the next cycle starts. As a result, the inlet conditions and pressure 

are almost the same from cycle to cycle and the vortex structures are almost the same at 

the beginning of each cycle, which can be identified from Figure 4.6(a) and (i).  

In contrast, large vortices comparable to the gap width shed and follow the oscillating 

fluid with a small phase lag for A2-A5. With finer mesh employed smaller vortex 

structures are resolved, leading to more vortex interactions in the narrow gap. Taking A4 

as an example (see Figure 4.7), when the vortex at one side grows larger prior to the 

vortex at the other side, it may suppress the generation of the opposing vortex and could 

sometimes cut off the opposing vortex resulting in the formation of more small vortices 

in the gap. At the end of each cycle, most of the shed vortices are pushed out of the gap. 

The small vortices dissipate quickly whereas others persist under the gap. These vortices 

will be advected back into the gap and interact during the next cycle. In this way, the 

initial inlet conditions and driving pressure for the oscillatory gap flow differs slightly 

from cycle to cycle, leading to different patterns of vortex structures in the gap, as can be 

seen from Figure 4.7 (a) and (i). As a result, small irregularities will appear in the time 

series (or envelope) of gap responses. This is further substantiated from the time series of  



 

 

 

Figure 4.8 Time series and envelopes of resonant gap response for square entrance 

shape (∆𝑥2=0.1 mm, 𝑘ℎ=1.56, 𝐻=0.006 m). 

 

 

Figure 4.9 Coefficient of variation with moving time window. 𝑁 represents the index 

of the moving time window consisting of 15 cycles. 

 

Case No. A1 A2 A3 A4 A5 

∆𝑥2 (mm) 10 2 0.4 0.1 0.05 

|𝐴𝑐̅̅ ̅/𝐴𝜂| 5.01 5.19 5.20 5.15 5.22 

𝑐�̅� 0.02% 1.18% 1.97% 1.93% 2.97% 

Table 4.1 Average and coefficient of variation of gap responses for square entrance 

shape with different meshes (𝑘ℎ=1.56, 𝐻=0.024 m). 
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Figure 4.10 Comparison of near-wall velocity profiles at various phases between CFD 

and analytical results for square entrance shape (𝑧 = −0.08 m, 𝑘ℎ=1.56, 𝐻=0.024 m). 

Lines represent CFD results; hollow symbols represent analytical results. 

gap response at resonance for cases with a smaller incident wave amplitude (see Figure 

4.8) or with round entrance shape (see Figure 4.13). For these cases, vortex shedding is 

either absent or small compared to the width of the gap. Hence most vorticity is dissipated 

before the next cycle starts and therefore exerts little influence on the inlet driving 

pressure. Accordingly, the time series of gap responses are steadier. 

To quantify the steadiness of the results, the coefficient of variation 𝑐𝑣
𝑐𝑟𝑒𝑠𝑡 =

𝜎𝑐

|𝐴𝑐̅̅̅̅ /𝐴𝜂|
 is 

used where 𝜎𝑐  and |𝐴𝑐̅̅ ̅/𝐴𝜂|  are the standard deviation and the mean value of the 

normalised crests of the time series with 𝐴𝑐 and 𝐴𝜂 being the amplitude of a crest and the 

amplitude of the incident wave, respectively. The same procedure can be carried out for 

troughs, with the mean coefficient of variation then defined as 

 𝑐�̅� = (𝑐𝑣
𝑐𝑟𝑒𝑠𝑡 + 𝑐𝑣

𝑡𝑟𝑜𝑢𝑔ℎ
)/2 (4.2) 

where 𝑐𝑣
𝑐𝑟𝑒𝑠𝑡  and 𝑐𝑣

𝑡𝑟𝑜𝑢𝑔ℎ
 are the coefficients of variation for crests and troughs, 

respectively. The resonant response |𝐴𝑐̅̅ ̅/𝐴𝜂| is the mean value of gap response in a time 

window consisting of 15 cycles, which is chosen to have the smallest coefficient of 

variation (see Figure 4.9) from a total of at least 35 cycles. The gap responses and the  

 



 

 

 

Figure 4.11 Comparison of dependency of gap response on nondimensional frequency 

between CFD and experimental results. 

coefficients of variation are shown in Table 4.1. It is found the gap responses are close to 

each other for Case A2-A5 with maximum difference less than 1.3%. The coefficients of 

variation increase in general from A1-A5, which is expected as more vortex structures 

are resolved with finer mesh, but are always less than 3%.  In terms of response curves, 

such variation is likely to be unimportant. 

The resonant oscillatory water motion in the gap far away from the entrance is similar to 

an oscillatory flow over a smooth wall. The Reynolds number 𝑅𝑒 =
𝜔𝐴𝜑

2  

𝜈
 ≈ 2×104 (where 

𝜔 is the radian frequency, 𝐴𝜑 is the amplitude of gap response and 𝜈 is the kinematic 

viscosity of water) is below the critical value of 𝑅𝑒 ≈ 105  corresponding to the first 

appearance of turbulence for an oscillatory flow over a smooth wall (Jensen et al., 1989). 

Therefore, the boundary layer in the gap may resemble the Stokes boundary layer (though 

also affected by flow separation). Figure 4.10 shows the velocity profile across the gap at 

various phases for Case A1-A5. The CFD results are compared with the analytical 

solution obtained from the Stokes equation (see Equation (4) of ART. 347 in Lamb, 

1932). It is found the boundary layer is better captured with finer mesh employed and the 

mesh of Case A4 appears to be a good option which well defines the boundary layer. The 

aim here is to take account of the underlying physics including boundary layer damping 

and hence the mesh of Case A4 was chosen as the benchmark mesh used for simulations 

with square entrance shape. The response curve is shown in Figure 4.11 and it is found 

the numerical results agree well with the experimental data of Saitoh et al (2006). From 
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the practical standpoint, even the coarsest mesh of Case A1 gives a satisfactory prediction 

of the resonant gap response and may be used as a benchmark mesh. Hence it appears 

that refining the mesh in the near-wall region is not necessary to obtain good agreement 

with laboratory results. This suggests that wall friction is a rather small contribution to 

the losses for square corners. These results are consistent with the work of Kristiansen & 

Faltinsen (2012), who demonstrated convergence of gap responses by varying the number 

of uniform cells across the gap and concluded that gap responses were not sensitive to 

mesh refinement in the gap for their 2D geometry with square bilges under forced heave 

motions.   

An additional test with wave tank length of 𝐿𝑤=18m was carried out to study the effect 

of wave tank length. It is found the CFD results with different wave tank lengths agree 

well with each other (see Figure 4.11). Therefore, the present wave tank length is 

satisfactory for simulating this problem.  

4.2.2 Round entrance shape 

For round bilge shapes, the configuration of the 2D NWT is the same as that described in 

the preceding section except that corners at the gap entrance are changed from square to 

round with radius to gap width ratio 
𝑟

𝐵𝑔
 of 1 (see Figure 4.1). Five cases B1-B5 with 

Δ𝑥2=4 mm, 2 mm, 0.4 mm, 0.1 mm, 0.05 mm were simulated and the illustration of mesh 

B4 is shown in Figure 4.12. The envelopes of the time series of gap responses at resonance 

are shown in Figure 4.13. It is found the gap resonance takes much longer to build up to 

steady state compared to the square counterpart, i.e. approximately 60 cycles for B1-B2 

and 40 cycles for B3-B5, which is related to the smaller damping in the system.  In 

addition, the envelopes for round corners appear to be much steadier than the cases with 

square corners (also see 𝑐�̅� in Table 4.2). The difference between the gap responses for 

Case B4 and Case B5 is less than 1% and the near-wall velocity is well captured by Case 

B4 (see Figure 4.14). Therefore, the mesh of Case B4 was chosen as the benchmark mesh 

used for simulations of round entrance shape. 

Figure 4.15 shows the pattern of time series for round entrance shape using the benchmark 

mesh of Case B4. Subfigure (c) is the resonant case, subfigures (b) and (d) are cases near 

the resonant frequency and subfigures (a) and (e) are cases far away from the resonant 

frequency. It is found the free surface elevation will build up to steady state in a  

 



 

 

 

 

  

(a) (b) 

Figure 4.12 Illustration of mesh for round entrance shape (Δ𝑥2=0.1 mm). (b) is the local 

mesh details near the gap entrance indicated in (a). 

 

 

 

Figure 4.13 Envelopes of time series of resonant gap responses for round entrance 

shape with various meshes (𝑘ℎ=1.67, 𝐻=0.024 m). 
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Box 1 Box 2 
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Figure 4.14 Comparison of near-wall velocity profiles at various phases between CFD 

and analytical results for round entrance shape (𝑧 = −0.15 m, 𝑘ℎ=1.67, 𝐻=0.024 m). 

Lines represent CFD results; hollow symbols represent analytical results. 

 

 

Case No. B1 B2 B3 B4 B5 

∆𝑥2 (mm) 4 2 0.4 0.1 0.05 

|𝐴𝑐̅̅ ̅/𝐴𝜂| 13.03 12.99 10.97 11.31 11.43 

𝑐�̅� 0.12% 0.04% 0.30% 0.50% 0.31% 

Table 4.2 Average and coefficient of variation of gap responses for round entrance 

shape with different meshes (𝑘ℎ=1.67, 𝐻=0.024 m). 

  



 

 

  

(a) 𝑘ℎ=1.19 (b) 𝑘ℎ=1.58 

 

(c) 𝑘ℎ=1.67 

  

(d) 𝑘ℎ=1.70 (e) 𝑘ℎ=2.47 

Figure 4.15 Pattern of time series for round entrance shape with 𝐻=0.024 m. 
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Figure 4.16 Time series of resonant gap responses for round entrance shape for Case 

B4, B6, B7 and B8 (𝑘ℎ=1.67, 𝐻=0.024 m). 

monotonic way at resonance while the gap responses for other cases increase initially and 

then decrease to steady-state over time. Presumably this is because the transient at the 

front of the regular wave train has some energy at the resonant frequency of the gap and 

the gap motion may be initially excited (see e.g. Eatock Taylor, 2007). For the resonant 

case, it takes a long time to build up to steady-state, with the rate of build-up related to 

the rate of decay as for a free vibration problem. The pattern of time series for Case B1 

and Case B2 in Figure 4.13 are similar to Figure 4.15(d), which indicates the resonant 

frequency will also change if the boundary layer is not well captured. 

Three additional cases were carried out – Case B6 refines the tangential mesh resolution 

along the round corner in Area 2 (see Figure 4.12(b)); Case B7 refines the horizonal mesh 

resolution in Area 1 (see Figure 4.12(a)); Case B8 refines the vertical mesh resolution in 

Area 1. The time series of gap responses for Case B6-B8 are compared to Case B4 as 

shown in Figure 4.16. It is found that the curves are on top of each other, implying that 

the meshes in these areas of Case B4 are satisfactory. 

4.3 Effect of entrance shape 

Regular wave tests with incident wave height 𝐻=0.024 m were carried out for different 

entrance shapes. Steady state is defined here as occurring when the coefficient of variation 

𝑐�̅� of a time window consisting of 15 cycles is smaller than the critical coefficient of 

variation 𝑐𝑣𝑐̅̅ ̅̅ , i.e. 0.5%, 2.5% and 1.0% for round, square and bilge keel entrance shapes. 

The response curves of free surface elevation in the gap, deduced from regular wave tests  

 

 



 

 

 

Figure 4.17 Dependency of gap response on nondimensional frequency with different 

entrance shapes. The dashed lines with corresponding colours indicate resonant 

frequencies obtained from the correlation analysis. Blue and black dashed lines are on 

top of each other. 

(once a steady state had been reached) for different entrance shapes are plotted in Figure 

4.17. The frequency resolution Δ𝑓 near resonance is 0.002 Hz, 0.004 Hz, 0.005 Hz for 

round, square and bilge keel entrance shapes, respectively. It is found the resonant 

frequencies of square and bilge keel entrance shapes are close to each other with 

difference less than 1%. This is due to the fact that the entrance widths of both setups are 

the same and there is little change in the volume of oscillating fluid in the gap when the 

entrance shape is altered from square corner to bilge keel. In contrast, the resonant 

frequency shifts to higher frequency when the entrance shape is modified from square 

corner to round corner, which can be related to the reduction in effective draft or reduction 

in the volume of fluid oscillating in the gap (i.e. the ‘added mass’). 

Concerning the entrance effect on resonant amplitude, it is useful to note that this problem 

is somewhat analogous to fluid flowing from a reservoir into a pipe (or vice versa). In this 

analogous scenario the pipe entrance shape is well-known to have a significant effect on 

the pressure and flow within the pipe in accordance with standard hydraulic entrance and 

exit loss coefficients. Specifically, the analogue would suggest smaller losses are 

expected for entrance shapes with round corners and larger losses are expected for 

entrance shapes with bilge keels. These expectations are consistent with the results in 

Figure 4.17, which shows that the round corner entrance has the largest wave 

amplification at resonance, presumably due to little energy loss near the entrance, while 
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the bilge keel has the smallest resonant amplitude, presumably due to larger energy 

dissipation near the entrance. 

Intuitively, the response curves indicate the damping coefficient for the round entrance 

shape is smaller than the other two cases, since its bandwidth is much smaller than the 

other two (see Figure 4.17). In order to quantify the damping coefficients for different 

entrance shapes, a simplified model proposed by Tan et al. (2018) is used. Assuming the 

fluid in the gap can be treated as a solid body (Molin, 2001) and the side-by-side system 

under the excitation of external incident waves can be treated as a forced oscillating 

system, the simplified equation of motion can be written as 

 �̈� + Γ�̇� + 𝜔0
2𝜑 =

𝐹𝑐𝑜𝑠(𝜔𝑡)

𝑀
 (4.3) 

where 𝑀  is the mass of the oscillating fluid, 𝐹  and 𝜔 = 2𝜋𝑓  are the amplitude and 

frequency of the driving force from the incident regular waves, 𝜔0 = 2𝜋𝑓0 is the natural 

frequency of the oscillating system, Γ = 2ω0𝜉 is the damping coefficient resulting from 

radiation of waves, wall friction and flow separation linearized using the equivalent 

linearization method (Mei et al., 1989). A similar expression was used by Maisondieu et 

al. (2001) but they used a linear damping coefficient and a quadratic damping coefficient 

instead of the linearized damping coefficient here. Therefore, for this driven harmonic 

oscillating system the following relationship will apply: 

 𝜔𝑟1 = √𝜔0
2 − (

Γ

2
)
2

 (4.4) 

 
Δ𝜃 = tan−1(

Γ𝜔

𝜔0
2 − 𝜔2

) 
(4.5) 

where 𝜔𝑟1 = 2𝜋𝑓𝑟1 is the resonant frequency of the oscillating system, Δ𝜃 is the phase 

difference between the excitation force from incident regular waves and the gap response. 

For each numerical test, the phase difference is identified from the time series of free 

surface elevation measured in front of the upstream box (representative of the driving  

 



 

 

 

 

 

Figure 4.18 Phase difference between the free surface motions in front of the upwave 

box and in the gap. 

 

 

Entrance shape Γ(s−1) 𝑓0 (Hz) 𝑓𝑟1(Hz) 𝑓𝑟(Hz) R-square 

round corner 0.1386 0.8741 0.8740 0.878 0.987 

square corner 0.3573 0.8396 0.8391 0.842 0.989 

bilge keel 0.4892 0.8414 0.8405 0.835 0.995 

Table 4.3 Resonant frequency and damping coefficient for different entrance shapes 

(𝐻=0.024 m). 
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force) and at the gap centre. Then the damping coefficient Γ and the natural frequency 𝜔0 

are evaluated via a correlation analysis based on the least-square method using Eq. (4.5). 

As shown in Figure 4.18, the phase difference asymptotically approaches zero and 𝜋 as 

the incident driving wave frequency approaches zero and infinity, which is consistent 

with the fitted results. The obtained damping coefficients and characteristic frequencies 

are summarized in Table 4.3. In the table, 𝑓𝑟1 is obtained using Eq. (4.4) where 𝜔0 is 

obtained from the correlation analysis and 𝑓𝑟 is identified from the response curve. It is 

found that the resonant frequencies obtained from the correlation analysis agree very well 

with those identified from the response curves (also see Figure 4.17). Besides, the 

damping coefficient is largest for the bilge keel entrance shape and smallest for the round 

entrance shape, which is consistent with the preceding results. 

4.4 Effect of amplitude of gap oscillation 

Numerical simulations with five incident wave heights, namely 𝐻= (0.006, 0.012, 0.024, 

0.040, 0.050) m, were used to drive gap resonance for different entrance shapes. Changing 

the incident wave height (or wave steepness 𝑘𝑝𝐴𝜂 , where 𝑘𝑝  is the resonant wave 

number) also changes the amplitude of gap oscillation – and it is this effect which is most 

important here. The average gap response is determined based on the critical coefficient 

of variation 𝑐𝑣𝑐̅̅ ̅̅ , i.e. 0.5%, 2.5% and 1.0% for round, square and bilge keel entrance 

shapes when the incident wave height is smaller than or equal to 0.024 m; 1.0%, 3.0%, 

3.0% when the incident wave height is larger than 0.024 m. The gap responses for 

different entrance shapes are shown in Figure 4.19 to Figure 4.21, with 𝐻 ranging from 

0.006 m to 0.050 m which corresponds to 𝑘𝑝𝐴𝜂 ranging from 0.009 to 0.085. When the 

incident wave height is larger than 0.024 m, the response curves of square and bilge keel 

entrance shapes become much less tuned near the resonant frequency zone and the 

resonant peaks are not easily identified due to the relatively large coefficient of variation. 

To determine the resonant frequency, these response curves are smoothed by averaging 

the response value at each point in the resonant frequency zone (where the amplitude is 

within 5% of the maximum response) using a moving average of five points. The 

dependencies of resonant amplitude and resonant frequency on incident wave height are 

plotted in Figure 4.22 and Figure 4.35, respectively.  

 

 



 

 

 

Figure 4.19 Dependency of gap response on nondimensional frequency with different 

incident wave heights for square entrance shape. 

 

 

 

Figure 4.20 Dependency of gap response on nondimensional frequency with different 

incident wave heights for round entrance shape. 
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Figure 4.21 Dependency of gap response on nondimensional frequency with different 

incident wave heights for bilge keel entrance shape. 

 

 

 

Figure 4.22 Dependency of resonant amplitude on incident wave height for different 

entrance shapes. 

 

  



 

 

𝐻 (m) 𝐴𝜑(m) Γ 𝑓0 (Hz) 𝑓𝑟1(Hz) 𝑓𝑟(Hz) R-square 

0.006 0.023 0.2250 0.8358 0.8356 0.842 0.991 

0.012 0.038 0.2846 0.8380 0.8377 0.842 0.990 

0.024 0.062 0.3573 0.8396 0.8391 0.842 0.989 

0.040 0.087 0.4325 0.8439 0.8432 0.842 0.988 

0.050 0.099 0.4808 0.8454 0.8445 0.838 0.987 

Table 4.4 Resonant frequency and damping coefficient with different incident wave 

heights for square entrance shape. 

 

𝐻 (m) 𝐴𝜑(m) Γ 𝑓0 (Hz) 𝑓𝑟1(Hz) 𝑓𝑟(Hz) R-square 

0.006 0.040 0.1295 0.8648 0.8647 0.869 0.993 

0.012 0.075 0.1304 0.8675 0.8674 0.873 0.991 

0.024 0.135 0.1386 0.8741 0.8740 0.878 0.987 

0.040 0.190 0.1459 0.8830 0.8829 0.886 0.974 

0.050 0.212 0.1818 0.8865 0.8864 0.891 0.954 

Table 4.5 Resonant frequency and damping coefficient with different incident wave 

heights for round entrance shape. 

 

𝐻 (m) 𝐴𝜑(m) Γ 𝑓0 (Hz) 𝑓𝑟1(Hz) 𝑓𝑟(Hz) R-square 

0.006 0.017 0.3111 0.8445 0.8441 0.850 0.993 

0.012 0.029 0.4002 0.8425 0.8419 0.845 0.994 

0.024 0.049 0.4892 0.8414 0.8405 0.835 0.995 

0.040 0.071 0.5600 0.8438 0.8426 0.825 0.995 

0.050 0.082 0.5967 0.8454 0.8441 0.820 0.992 

Table 4.6 Resonant frequency and damping coefficient with different incident wave 

heights for bilge keel entrance shape. 
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From the response curves it is found that the amplitudes of gap responses decrease with 

increasing incident wave height, an effect which is pronounced near the resonant 

frequency and gradually subsides as the driving frequency moves far away from the 

resonant frequency. This nonlinear effect can be caused by both nonlinear free surface 

conditions and nonlinear damping effects. Specifically, when the incident wave height is 

increased from 0.006m to 0.012m the resonant responses for square and bilge keel 

entrance shapes decrease by 18.2% and 16.5% respectively, while the round entrance 

shape has a much smaller decrease of 6.6%. When the incident wave height is further 

increased the trend in resonant amplitude is similar for different entrance shapes.  

To explain these results, the damping coefficients were quantified using the same 

correlation analysis described in Section 4.3 (see the results in Table 4.4 to Table 4.6) and 

the vorticity contours for round entrance shape are captured shown in Figure 4.23. It is 

found the damping coefficients for 𝐻=0.006 m and 𝐻=0.012 m with round corners are 

almost the same. From Figure 4.23(a) and (b), it can be seen that vortex shedding is absent 

for 𝐻=0.006 m and is minimal for 𝐻=0.012 m. Collectively, these results indicate wall 

friction is the main source of damping at these incident wave heights and it appears that 

the wall friction here is approximately a linear function of surface elevation or the vertical 

velocity within the gap (since this is proportional, through the free surface boundary 

condition, to the free surface elevation). In contrast to the results at small incident wave 

height, when the incident wave height is increased to 𝐻=0.024 m small vortices are 

observed to shed from the round corners in Figure 4.23(c). For even larger incident wave 

height 𝐻=0.040 m shown in Figure 4.23(d), the vortices shed from the round corners 

become larger. Accordingly, the damping coefficients increase with larger incident wave 

height. For square and bilge keel entrance shapes vortex shedding is always present near 

the entrance due to forced separation from the sharp corners and the damping coefficients 

become larger with increasing incident wave height. These results are consistent with the 

trend of resonant amplitude with varying incident wave height. 

As shown in Figure 4.35, with increasing incident wave height the resonant frequency for 

round entrance shape evidently shifts to higher frequency; the response curves bend to 

the right side (whereas the resonant frequency for bilge entrance shape shifts to the left). 

The resonant frequency of square entrance shape remains unchanged when the incident 

wave height is smaller than 𝐻=0.040 m and has a small decrease when the wave steepness  

 



 

 

  

(a) 𝐻=0.006 m (𝐾𝐶=2.5) (b) 𝐻=0.012 m (𝐾𝐶=4.7) 

  

(c) 𝐻=0.024 m (𝐾𝐶=8.5) (d) 𝐻=0.040 m (𝐾𝐶=11.9) 

 

Figure 4.23 Vortex structures at resonance for round entrance shape with different 

incident wave heights. All the subfigures are captured at the same instant right after the 

free surface reaches the lowest level and the black lines indicate the position of the free 

surface. 𝐾𝐶= 
2𝜋𝐴𝜑

2𝑟
 is the Keulegan–Carpenter number.  

is increased to 𝐻=0.050 m. To explain these frequency shifts it is useful to note that Vinje 

(1991) deduced that for a sufficiently narrow gap the free surface motion in the gap may 

be described in terms of a single degree of freedom oscillating system. The nonlinear 

damping effects qualitatively influence the gap response in the same way as a linear 

damping does for the oscillating system. This means an increase of damping in the system 

will decrease the resonant frequency (see Eq. (4.4)). In addition, in Vinje’s model the 

nonlinear free surface conditions would be expected to result in an increase in the resonant 

frequency as the incident wave amplitude (i.e. the driving amplitude of an oscillator) 

increases, which is similar to a Duffing oscillator with a hardening spring. As a result, the 

frequency shift is determined by both the effect associated with the nonlinear free surface 

conditions and the damping effect. For round entrance shape the damping coefficient is  

 

𝛀𝒚 
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Figure 4.24 Dependency of gap response on nondimensional frequency with different 

water depths for square entrance shape. 

 

 

Figure 4.25 Dependency of gap response on nondimensional frequency with different 

water depths for round entrance shape. 

  



 

 

 

Figure 4.26 Dependency of gap response on nondimensional frequency with different 

water depths for bilge keel entrance shape. 

 

 

Figure 4.27 Dependency of resonant amplitude on water depth for different entrance 

shapes. 
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relatively small in the system and the resonant gap response is larger which augments the 

effect associated with the nonlinear free surface conditions. Therefore, it appears that the 

effect of the nonlinear free surface conditions dominates the damping effect and hence 

the resonant frequency shifts to the right. For bilge keel entrance shape, the damping in 

the system is larger and the resonant response in the gap is much smaller and hence the 

effect of free surface conditions is less important. It appears that the damping effect 

dominates the effect associated with the nonlinear free surface conditions and hence the 

resonant frequency shifts to the left.  For square entrance shape, the frequency shift can 

be determined by both effects. 

4.5 Effect of water depth 

The above simulations were performed in a single water depth. In reality, offloading 

operations may take place in different water depths. To investigate the effect of water 

depth on gap resonance, CFD simulations were carried in water depths ranging from 

ℎ=0.5 m to ℎ=2.0 m with an interval of 0.5 m (or 𝑘𝑝ℎ ranging from 1.5 to 6.7) for 

different entrance shapes. The response curves are plotted against the nondimensional 

frequency 𝜔/(
𝑔

𝐵𝑚
)
0.5

 for different entrance shapes as shown in Figure 4.24 to Figure 

4.26. It is found varying the water depth has considerable effects on both the resonant 

frequency and amplitude in the gap. The variation of resonant amplitude and resonant 

frequency with increasing water depth are shown in Figure 4.27 and Figure 4.36, 

respectively. Generally, the resonant amplitude decreases while the resonant frequency 

increases when the water depth is increased from ℎ=0.5 m to ℎ=1.0 m. When the water 

depth exceeds ℎ=1.0 m the resonant amplitude and resonant frequency remain almost 

unchanged with increasing water depth. The same trends were found by Moradi et al. 

(2016). The resonant frequency identified from the response curves here will be used to 

validate the model for resonant frequency prediction in Section 4.6. 

4.6 Decay of water column in the gap 

In this section simple decay tests are used to determine the resonant frequency of gap 

motion. Instead of running long-time regular wave tests with a series of incident wave 

frequencies to identify the resonant frequency, a single test by releasing a water column 

can be used to find the resonant frequency. CFD simulations of decaying water columns  

 



 

 

 𝐻 (m) 0.006 0.012 0.024 0.040 0.050 

square 𝐴0 (m) 0.023 0.039 0.063 0.091 0.103 

round 𝐴0 (m) 0.040 0.075 0.136 0.192 0.215 

bilge 𝐴0 (m) 0.017 0.029 0.051 0.073 0.085 

Table 4.7 Initial elevation of water column in the gap 𝐴0 and the corresponding incident 

wave height 𝐻 of regular wave tests in Section 4.4. 

 

  

(a)  (b)  

  

(c)  (d)  

Figure 4.28 Decay curve of water column in the gap for square entrance shape. 

  



 
Chapter 4: Two-dimensional gap resonance between two fixed vessels 

4-29 

 

 

 ℎ (m) 0.5 1.0 1.5 2.0 

square 𝐴0 (m) 0.063 0.052 0.052 0.052 

round 𝐴0 (m) 0.136 0.120 0.120 0.120 

bilge 𝐴0 (m) 0.051 0.036 0.036 0.036 

Table 4.8 Initial elevation of water column in the gap 𝐴0 and the corresponding water 

depth ℎ of regular wave tests in Section 4.5. 

 

  

(a)  (b)  

  

(c)  (d)  

Figure 4.29 Decay curve of water column in the gap for round entrance shape. 

 

  



 

 

 

 

 

  

(a)  (b)  

  

(c)  (d)  

Figure 4.30 Decay curve of water column in the gap for bilge keel entrance shape. 
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(a)  (b)  

Figure 4.31 Decay curve of water column in the gap for square entrance shape with 

different water depths. 

 

  

(c)  (d)  

Figure 4.32 Decay curve of water column in the gap for round entrance shape with 

different water depths. 

  



 

 

 

  

(a)  (b)  

Figure 4.33 Decay curve of water column in the gap for square entrance shape with 

different water depths. 

 

 

 

Figure 4.34 Comparison of decay curves of CFD results and numerical fit using the 

method of Kumaresan and Tufts. 
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Figure 4.35 Dependency of resonant frequency on incident wave height for different 

entrance shapes. Square, round and bilge keel represent resonant frequencies identified 

from the response curves of corresponding entrance shapes under the excitation of 

regular waves; ‘SWC’, ‘RWC’, ‘BWC’ refer to resonant frequencies obtained by 

releasing a water column in the gap for square, round and bilge keel entrance shapes. 

 

 

Figure 4.36 Dependency of resonant frequency on water depth for different entrance 

shapes. The symbols are the same as Figure 4.35. 

  



 

 

 

Figure 4.37 Envelopes of time series with different scales (by varying viscosity) for 

square entrance shape (𝑘ℎ=1.56, 𝐻=0.024 m). 

in the gap were run for different entrance shapes, initial amplitudes and water depths. As 

summarized in Table 4.7 and Table 4.8, the initial amplitudes of water column in the gap 

𝐴0  were chosen to relate to the study in Section 4.4 and Section 4.5, i.e. the initial 

amplitudes were selected to match the steady-state amplitudes of particular cases. After 

release the water column in the gap will oscillate with decaying amplitude, as shown in 

Figure 4.28 to Figure 4.33 for different entrance shapes. In general, the water column 

decays faster with larger initial amplitude which indicates that the damping is nonlinear. 

For the round entrance shape, the scaled decay curves of 𝐴0=0.040 m and 𝐴0=0.075 m 

(corresponding to the responses of 𝐻=0.006 m and 𝐻=0.012 m in Section 4.4) are 

coincident, indicating the damping coefficient is linear for these configurations. For the 

tests with various water depths, the decay curves are almost unchanged when the water 

depth is larger than 1.0 m. These results are consistent with the discussions in Section 4.4 

and Section 4.5. 

To determine resonant frequencies from the decay curves, the method of Kumaresan and 

Tufts (Kumaresan & Tufts, 1982) is used. This method performs well in estimating the 

parameters of exponentially damped sinusoids for short data records by applying the 

singular value decomposition (SVD) and using large values of prediction filter order. 

Assuming the decay is a linear process, the decay curve of free surface elevation can be 

reconstructed well using a series of decaying sinusoids with frequencies corresponding to 

the resonant frequencies (the second harmonic is neglected due its small amplitude and 

only the first mode is used here): 

 

 



 
Chapter 4: Two-dimensional gap resonance between two fixed vessels 

4-35 

 

 

 

Figure 4.38 Envelopes of time series with different scales (by varying viscosity) for 

round entrance shape (𝑘ℎ=1.67, 𝐻=0.024 m). 

 𝜑(𝑡) =∑𝐴𝑚 sin(𝜔𝑚𝑡 + 𝜃𝑚) 𝑒
−𝜔𝑚𝜉𝑚𝑡

𝑚

 (4.6) 

where 𝑓𝑚 =
𝜔𝑚

2𝜋
 is the frequency of the 𝑚𝑡ℎ  mode, 𝜉𝑚  is the normalized damping 

coefficient, 𝐴𝑚 and 𝜃𝑚 are the initial amplitude and phase at the start of the time window. 

The fitted results are compared to the CFD results in Figure 4.34 where the initial 

elevations for square, round and bilge entrance shapes are 𝐴0=0.063 m, 𝐴0=0.136 m and 

𝐴0=0.051 m. It is found good agreement is achieved. The resonant frequencies obtained 

from the numerical fit are compared to those identified from the response curves as shown 

in Figure 4.35 and Figure 4.36. The fitted results turn out to give very good predictions 

of the resonant frequencies for round and square entrance shapes, though the decaying 

process is not necessary to be a linear process. For the bilge keel entrance shape, the 

difference in frequency is still quite good (smaller than 3%), though the agreement is not 

as good as the other two entrance shapes. This is a very useful approach for finding the 

resonant frequency since it takes much less time to simulate a few cycles of decaying 

water column than to simulate a series of regular wave tests which take a long time to 

reach steady-state. 

4.7 Investigation of scaling effects by varying fluid viscosity 

In model tests Froude and Reynolds number scaling cannot normally be achieved 

simultaneously.  However, in numerical simulations it is possible to change either the 

gravitational acceleration 𝑔, or the fluid viscosity, and so apply Froude and Reynolds  

 



 

 

 

Figure 4.39 Scaling effect on gap responses via varying fluid viscosity. 𝑅 represents 

the gap responses for different scales normalised by the gap response for Λ=1. 

scaling together. It is anticipated that the geometries investigated in this chapter are 

around 156 times smaller in geometry than a 2D slice through the FLNG facilities 

discussed in Chapter 1. Hence, to scale Froude and Reynolds numbers together, the 

viscosity must be reduced by the factor 1561.5≈1948 (assuming 𝑔 is unchanged). Scaling 

effects were investigated via changing fluid viscosity for the resonant regular wave case 

with incident wave height 𝐻=0.024 m for square and round entrance shapes. For both 

cases, simulations with fluid viscosity 10𝜈𝑤 , 𝜈𝑤 , 0.1𝜈𝑤 , 0.01𝜈𝑤  and 5.1×10-4𝜈𝑤  were 

completed (representative of scales Λ=0.2, 1, 4.6, 21.5 and 156, with Λ=1 as the lab-scale 

of Saitoh et al. (2006) and Λ=156 as the prototype scale in the field), where 𝜈𝑤 is the 

kinematic viscosity of water. The time series of gap responses are shown in Figure 4.37 

and Figure 4.38 for square and round entrance shapes, respectively, and the normalised 

responses with varying viscosity (scale) are plotted in Figure 4.39. It is found the gap 

responses for both entrance shapes will decrease when the scale is decreased from Λ=1 to 

Λ=0.2, and the decrease is much larger for round entrance shape than square entrance 

shape. When the scale is increased from Λ=1 to Λ=156 (the Reynolds number 𝑅𝑒 =
𝜔𝐴𝜑

2  

𝜈
 

is from 2.0×104 to 3.8×107), the gap response remains almost unchanged for the square 

entrance shape. On the contrary, the gap response for the round entrance shape evidently 

increases by up to 25% and the resonant frequency is clearly shifted when the scale is 

increased from Λ=1 to Λ=156 (𝑅𝑒  is from 1.0×105 to 3.1×108, and the Keulegan–
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Carpenter (𝐾𝐶) number 𝐾𝐶= 
2𝜋𝐴𝜑

2𝑟
 is from 8.4 to 1.6×103), which can be identified from 

the pattern of time series in Figure 4.15 (see Section 4.2.2). 

It should be noted that these cases are simulated using the benchmark mesh of A4 and B4 

(converged for Λ=1) for square and round entrance shapes respectively. This is not a 

problem for simulating the cases with scales smaller than Λ=1 (where 𝑅𝑒~𝑂(103)) but 

the meshes may not resolve the cases with scales larger than Λ=1 (where 𝑅𝑒 is up to 

𝑂(108)). Hence, the results must be interpreted with caution. For square corners, flow 

separation occurs in the lab as well as in the field. For round corners at lab-scale the 

boundary layer is expected to be dominated by laminar flow, though flow separation 

occurs sometimes. As the scale increases, the boundary layer will inevitably become 

turbulent and the location of flow separation can become dependent on the Reynolds 

number. Hence, improved meshes as well as turbulence models will be needed to verify 

the results at larger scales. 

4.8 Conclusions  

2D gap resonance under the excitation of regular waves between two fixed boxes with 

square, round and bilge keel entrance shapes have been investigated. For the square 

corners, good comparison with existing experimental data has been demonstrated. The 

round entrance shape permits much larger oscillations than either the square or bilge keel 

geometries, for which flow separation is clearly observed. The difference between the 

gap responses for different entrance shapes is reflected in the damping coefficients 

obtained from the correlation analysis. 

With increasing incident wave height (i.e. gap oscillation amplitude), the amplification 

of the incident wave associated with resonant gap response will decrease for all entrance 

shapes, which is related to the increasing damping coefficients. The different trends of 

resonant frequency shift for different entrance shapes can be explained by the nonlinear 

damping effect and the Duffing-like behaviour associated with the nonlinear free surface 

conditions. 

The resonant frequency of gap response will shift to higher frequency with increasing 

water depth until deep water is reached.  



 

Instead of running a series of long-time regular wave tests, simulations of a few cycles of 

decay water column in the gap are analysed to predict the resonant frequency of the side-

by-side system. The results of this method give very good agreement with the resonant 

frequencies identified from the response curves for various entrance shapes, wave 

steepness and water depths. 

The scaling effect has been investigated by varying the fluid viscosity. The results show 

larger scaling effect for round corners than square corners, though the results may require 

verification using an improved numerical model. 

Under the excitation of regular waves, the prediction of gap resonance is highly dependent 

on the near-wall mesh for round entrance shape where the wall friction (or boundary layer 

damping) in the gap accounts the majority of energy dissipation. In contrast to that, the 

near-wall mesh appears to have much less influence on the resonant characteristics for 

entrance shapes with sharp corners. 
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5 DEVELOPMENT OF A NUMERICAL WAVE 

TANK TO SIMULATE 3D GAP 

RESONANCE BETWEEN TWO FIXED 

VESSELS WITH ROUND CORNERS 

 

5.1 Introduction  

In this chapter the development of a NWT to predict the more practical 3D gap resonance 

is detailed. Compared to 2D case, 3D gap resonance is much more complex, in that it 

allows multiple modes to be excited in the gap, the excitation of which is a function of 

incident wave heading. A 3D CFD simulation is much more challenging with regard to 

both numerical setup and computational cost. To the author’s knowledge, despite the 

successful use of CFD for 2D gap resonance very few studies have been carried out to 

systematically develop a CFD model to accurately simulate the more practical 3D gap 

resonance. Motivated by this deficit, the main aim of this chapter is to document the 

development and validation of a CFD model to simulate 3D gap resonance, with a view 

to providing some guidelines for future CFD research for this problem. Selection of mesh 

topology and extent, together with appropriate boundary conditions, are considered so as 

to properly replicate 1:60 scale physical experiments and to provide a tool to better 

explore the physics inherent in the problem. 

5.2 Physical setup  

Whilst most previous researchers have focused on analysing the maximum gap resonant 

amplitude at steady state under regular waves, real ocean waves are not regular in general. 

Additionally, reaching a steady state takes a long time, after which the reflected waves  

 



 

 

     

(𝑎) Top view 

    

(𝑏) Front view in the mid-ship plane 

Figure 5.1 Definition sketch of experimental setup. (N.B.  𝐵𝑔 is scaled up by a factor 

of 4 in the figures). WG 1-8 are labelled with numbers; WG 8 is only available in the 

numerical simulation. 

may affect the experimental or numerical results. Therefore, Zhao et al. (2017) conducted 

a series of high-quality experiments in which NewWave-type (Tromans et al., 1991) 

transient wave groups were used to investigate 3D gap resonance between two fixed 

boxes. In a random sea with a given power spectral density 𝑆(𝜔) the NewWave transient 

wave group is representative of the average shape of the largest wave. The shape of a uni-

directional NewWave group is given by Tromans et al. (1991): 
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𝜂𝑁(𝑥, 𝑡) =
𝛼

𝜎2
∑𝑆(𝑓𝑁) ∙ Δ𝑓 ∙ cos [𝑘𝑁(𝑥 − 𝑥0) − 𝜔𝑁(𝑡 − 𝑡0) + 𝜃]

𝑁

𝑛=1

 (7) 

where (𝑥0, 𝑡0) are the focus position and time, respectively, when the wave components 

come into phase, 𝜂𝑁(𝑥, 𝑡) is the free surface elevation, 𝛼 corresponds to the maximum 

wave amplitude, 𝑘𝑁  and 𝜔𝑁  are the wave number and frequency of the 𝑁 th wave 

component and 𝜎2 is the variance of the free surface elevation (equal to the area beneath 

the power spectrum). For the same spectrum, the NewWave group is (for example) a 

crest-focused wave when 𝜃 = 0 and a trough-focused wave when 𝜃 = 𝜋. It should be 

noted that the waves created in the experiments were not perfect NewWave groups, but 

this is not important for the study here; all that is required here is a transient incident wave 

signal of known form. The use of a transient wave group is convenient because it ensures 

that the 3D gap resonant response may be simulated with less computational time than 

running regular waves to steady state. This is a very important advantage in 3D, for which 

a CFD model can quickly become prohibitive in terms of computational cost.  

The experiments were carried out in the Deepwater Wave Basin at Shanghai Jiao Tong 

University. This wave basin has dimensions of 50 m × 40 m × 10 m. As shown in Figure 

5.1, two identical ship-shaped boxes were fixed in a side-by-side configuration 

(representative of an FLNG offloading scenario) under beam sea conditions in the wave 

basin, forming a narrow gap with width 𝐵𝑔=0.067 m. The main dimensions of the boxes 

are (𝐿𝑚, 𝐵𝑚, 𝐻𝑚, 𝐷𝑚)= (3.333, 0.767, 0.425, 0.185) m, where 𝐿𝑚, 𝐵𝑚, 𝐻𝑚 and 𝐷𝑚 are 

the length, width, height and draft of the model, respectively. The boxes are prismatic 

with rounded corners at the bilge with a radius of 𝑟=0.083 m running along the length. 

The NewWave-type transient wave groups were generated at the upstream wave maker 

and absorbed by the wave absorber mounted at the other end of the wave basin. The 

transient wave group used in this chapter is based on a Gaussian spectrum with a peak 

frequency of 𝑓𝑃=1.015 Hz and its maximum wave amplitude is 𝛼=50 mm. The focus 

position of the transient wave groups was set as the origin 𝑂(𝑥0, 𝑦0, 𝑧0) of the right-hand 

Cartesian coordinate system as shown in Figure 5.1 where 𝑥0 is the gap centre in the wave 

propagation direction, 19.83 m away from the wave paddles, 𝑦0 the mid-ship position in 

the transverse direction along the gap, 20 m away from the sidewalls of the wave basin  

 



 

 

 

Figure 5.2  Time series of the experimental free surface elevations measured at mid-

ship position in the gap (WG 4) with (response) and without (input) boxes. 

and 𝑧0 the still water level in the vertical direction. In the experiments, seven wave gauges 

(WG) were placed in the gap to measure the free surface elevation which are labelled as 

1-7 in Figure 5.1(a). WG 1 and 7 are 0.45 m from the gap ends, WG 2 and 6 are 0.833 m 

from the centre of the gap, WG 3 and 5 are 0.5 m from the centre of the gap and WG 4 is 

central. WG 8 is only present in the numerical simulation and is used to investigate the 

extent to which reflected waves from the side walls exist in the NWT (see Section 

5.3.3.2). The time series measured at WG 4 with and without boxes in the wave basin are 

displayed in Figure 5.2 with a sampling frequency of 25 Hz. This figure illustrates several 

key phenomena. Firstly, it can be seen that the incident wave excites motion in the gap, 

leading to an amplified oscillation. This oscillation has a clear beating pattern due to the 

concurrent excitation of several resonant modes within the gap. Secondly, it can be seen 

that the fluid oscillation in the gap decays slowly after the incident wave has passed 

through. Zhao et al. (2017) postulated that this decay is a result of a linear process, and 

thus the viscous damping should have a linear form. To support this postulation, a 3D 

NWT is established in Section 5.3 and the direct evidence will be given in Chapter 6. 

5.3 Numerical Setup 

To reproduce the experimental results, a CFD model for wave-structure interaction 

requires a NWT which can accommodate the structures and the flow field and is also able 

to generate waves accurately and absorb reflected waves effectively. The following 

subsections expound the process of careful selection of mesh topology and size in the 

flow field, as well as the extent of the NWT and boundary conditions for wave generation 

and absorption. 
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5.3.1 Numerical method 

No turbulence model is employed in the CFD model. This choice is made based on 

empirical observations and physical insight. The experimental observations of Zhao et al. 

(2017) (supported by further analysis in Zhao et al., 2018) suggest that the damping of 

the gap resonance is linear – and therefore that Stokes-type laminar boundary layers 

dominate the damping (and losses due to separation are unimportant). Reasoning 

physically, the Reynolds number here is 𝑅𝑒 =
𝜔𝐴𝑂

2  

𝜈
 ≈  2.3×104 where 𝜔  is the first 

resonant frequency of gap response, 𝜈  the kinematic viscosity and 𝐴𝑂  the maximum 

amplitude of free surface motion at the centre of the gap, with a value of around 0.06m 

(see Figure 5.2). For oscillatory flow over a smooth wall, turbulence first appears at 𝑅𝑒 ≈ 

105 (Jensen et al., 1989). However, the possibility of flow separation from the rounded 

bilge must also be considered. Here the maximum local Keulegan–Carpenter (𝐾𝐶 ) 

number 𝐾𝐶= 
2𝜋𝐴𝑂

2𝑟
 for flow around the rounded bilge is approximately 2.3. From the 2D 

study for round entrance shape (see Figure 4.23 in Section 4.4), flow separation does not 

occur when 𝐾𝐶 is smaller than 2.5. Besides, for flow around a cylinder Sumer & Fredsøe 

(2006) give flow regimes for a limited subset of (𝐾𝐶-𝑅𝑒) space; for 𝑅𝑒 ≃103
 there is no 

flow separation for 𝐾𝐶 < 1.1. Given that the present geometry is not a cylinder, and the 

oscillatory flow is transient, the 𝐾𝐶 and 𝑅𝑒 regimes for this problem make plausible that 

laminar boundary layers dominate the damping in this case, and the mesh design is based 

around this hypothesis. If the flow regime was different, these arguments would need to 

be revisited. However, note should be made of the work of Kristiansen and Faltinsen 

(2012), who did not use a turbulence model for modelling a 2D gap resonance with square 

bilges. They argued that the effect of turbulence on diffusion of vorticity was a secondary 

effect and that the main effect of turbulent flow would be in establishing the separation 

point from curved surfaces. Hence the decision about whether to use a turbulence model 

depends on the problem being modelled. 

A fully nonlinear viscous NWT is established using waves2Foam (Jacobsen, et al., 2012). 

The governing equations, free surface modelling and the associated numerical methods 

are the same as discussed in Chapter 3. The boundary conditions associated with wave 

generation and absorption are detailed further in Section 5.3.4. 

 



 

 

 

 

Figure 5.3  Definition sketch of the mesh adopted. Regions A-D reference the mesh details 

that indicate the key mesh dimensions. 

5.3.2 Meshing strategy  

Given the discussion above, gap resonance as studied here is a two-scale problem 

associated with both the wavelength scale and the boundary layer scale. To simulate gap 

resonance properly, mesh resolution near the free surface and in the boundary layer 

should therefore be selected carefully to generate waves and resolve the boundary layer 

accurately.  

5.3.2.1 Mesh topology 

In this problem the simple prismatic geometry permits the use of a structured mesh, which 

is preferred to an unstructured mesh because despite requiring more cells it allows for 

better control of the mesh detail. Additionally, a structured mesh is typically aligned in 

the predominant flow direction, leading to more accurate results and better convergence 

in CFD solvers. The topology adopted for the mesh is indicated in Figure 5.3. To develop  

 

(c) Mesh details

  1

Detail D

  2

  1Detail A

  2

  1

Detail B

Detail C   1

  2

  1
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Test No. 𝜆𝑝/Δ𝑥1 𝐻/Δ𝑧1 Δ𝑧1/Δ𝑥1 

A1 100 7 1.0 

A2 200 13 1.0 

A3 300 10 2.0 

A4 400 13 2.0 

A5 200 50 0.26 

A6 300 75 0.26 

Table 5.1 Mesh convergence based on wave parameters. 

the 3D mesh topology, the 2D mesh topology shown in Figure 5.3(b) was extruded in the 

𝑦 direction (normal to wave propagation). At cross sections passing through the boxes 

(region 1) mesh is generated around the boxes, whilst at other locations (region 2) mesh 

is created through the boxes. 

The most important regions of the structured mesh are the gap and the free surface, where 

motions are expected to be largest. The resolution of the mesh in these key regions is 

dependent on the following 5 mesh dimensions (see Figure 5.3(c)): 

Δ𝑥1, which defines the cell width away from the boxes near the free surface  

Δ𝑧1, the cell height near the free surface  

Δ𝑥2, the cell width near the box boundaries  

Δ𝑦1, the cell width along the gap direction in region 1 

Δ𝑦2, the cell width along the gap direction in region 2 

The selection of each of these mesh dimensions is considered systematically in the 

following subsections. The extent of the mesh (i.e. selection of 𝐿𝑤 , 𝐵𝑤  and 𝐻𝑤 ) is 

discussed in the subsequent Section 5.3.3.  

 

 



 

 

 

 

Figure 5.4 Time series of the free surface elevations at the focus position for Test A1-

A6. 𝜂 is used to represent free surface elevation of the undisturbed incident waves. 

As indicated in Figure 5.3, the mesh dimensions transition (i.e. expand and contract) 

through the domain. These transitions have been controlled so that a cell dimension does 

not change by more than 20% per cell, which is a commonly used limit for expanding 

mesh (Bartzis et al., 2004; Maddock et al., 2013). 

5.3.2.2 Determination of 𝜟𝒙𝟏 

The cell dimensions away from the box must be sufficiently small to ensure accurate 

modelling of the undisturbed and diffracted waves. To select Δ𝑥1 a convergence study 

was therefore undertaken by simulating a NewWave group in 2D for uniform mesh 

equivalent to Detail D in Figure 5.3(c). These meshes had the dimensions shown in Table 

5.1. The mesh size was varied relative to the peak wavelength 𝜆𝑝  and nominal wave 

height 𝐻 = 2α of the wave group, where 𝛼 corresponds to the maximum wave amplitude 

(see Figure 5.1(b)). The aspect ratio (AR) of the mesh (i.e. Δ𝑧1/Δ𝑥1) was chosen to be 

less than 2.0 since mesh with large AR was found to smear the propagation of waves (see 

discussion later in Section 5.3.2.4). The NewWave group used in the simulations was the 

‘base case’ (‘Set I’) wave modelled in Zhao et al. (2017) which has 𝜆𝑝 =1.5 m and α=0.05 

m (see Section 5.3.4 on ‘Boundary Conditions’ for more information on how the 

NewWave group was implemented in the simulations).  
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Figure 5.5  Amplitude spectrum at the focus position for Test A1-A4. 

Figure 5.4 and Figure 5.5 present comparisons of time series and amplitude spectra, 

respectively, for the different cases. It can be seen that A2 and A3 agree well with A4, 

whilst A5 agrees well with A6, but A1 exhibits some discrepancies. This indicates that at 

least 200 cells per 𝜆𝑝 are needed for mesh independent wave generation provided that the 

AR is less than 2.  

5.3.2.3 Determination of 𝜟𝒙𝟐 

The near-wall mesh regions of the boxes share the same mesh resolution in the normal 

direction (see mesh details of Area C in Figure 5.3). The cell dimension in this normal 

direction must be chosen sufficiently small to resolve flow near the boundary, including 

the boundary layer. Since the scale of the boundary layer is the smallest length scale in 

the problem, Δ𝑥2 is the smallest and arguably the most critical mesh dimension (which 

has also been discussed in Chapter 4). 

The analytical solution for oscillatory flow over an infinite flat plate includes a Stokes 

boundary layer (see Equation (4) of ART. 347 in Lamb, 1932). Applying this analytical 

expression to flow in the gap, an estimate of boundary layer thickness (here defined as 

the distance from the wall to the point where the overshoot velocity has decreased to 

101% of the free stream velocity) is approximately 2.7mm. This length scale informs our 

choice of mesh resolution. To efficiently determine a suitable value for Δ𝑥2 , 2D 

simulations were performed with two fixed boxes arranged side-by-side so as to mimic 

the front view given in Figure 5.3(b). The transient wave group illustrated in Figure 5.4 

was introduced as the wave input. Four cases B1-4 with Δ𝑥2 equal to 2.0 mm, 0.4 mm,  

 



 

 

 
(a) 𝑥=0 (Gap centre) 

 
(b) 𝑥= -0.85 m 

Figure 5.6  Time series of the 2D responses at different locations with various near-

wall cell sizes. 𝜑  is used to represent free surface elevation of the responses after 

interaction with the structures. 

0.1 mm and 0.05 mm were considered (Δ𝑥1and Δ𝑧1 were chosen to be sufficiently small 

not to influence the result). The resulting time series of the free surface elevation 

measured at the gap centre (𝑥= 0) are shown in Figure 5.6(a). It can be seen that the 

oscillations within the gap decay after the transient focused wave group passes the gap in 

a similar manner to the 3D experiments (but with only one characteristic oscillation 

frequency because of the 2D geometry). It is found from Figure 5.6(a) that the time series 

of the coarsest mesh B1 (Δ𝑥2=2.0 mm) exhibits slower decay than B2 to B4. This is 

associated with the fact that coarse mesh does not adequately resolve the boundary layer. 

In contrast to the results of B1, the results of the medium mesh B2 (Δ𝑥2=0.4 mm) agree 

better with the finest mesh B4 (Δ𝑥2=0.05mm), which appears to be a useful starting point 

for 3D simulation. The results of B3 and B4 overlap, which indicates that the results are 

converged when Δ𝑥2 is equal to or smaller than 0.1 mm. Similar convergence is found 

for the free surface elevation measured in front of the up-wave box (𝑥= -0.85 m) as shown 

in Figure 5.6(b). 

5.3.2.4 Determination of 𝜟𝒛𝟏 

Given that Δ𝑥2<<Δ𝑥1 and that Δ𝑧1 must be fixed along the free surface (see Figure 5.3 

(c)) it follows that the cells near to the box walls (and immediately offset in the 𝑦 direction  
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Test No. Δ𝑥2 Δ𝑧1 Δ𝑧1/Δ𝑥2  𝜅 

C1 2.0 mm 10.0 mm 5.0 1.06 

C2 2.0 mm 5.0 mm 2.5 1.06 

C3 2.0 mm 3.0 mm 1.5 1.06 

C4 0.4 mm 2.0 mm 5.0 1.15 

C5 2.0 mm 10.0 mm 5.0 1.06 

C6 2.0 mm 10.0 mm 5.0 1.01 

Table 5.2 Tests with various aspect ratios Δ𝑧1/Δ𝑥2 and expansion ratios 𝜅. 

in Region 2) will have large AR (i.e. large Δ𝑧1/Δ𝑥2 ) if Δ𝑧1  is chosen to ensure an 

adequate AR far from the boxes to simulate the incident wave. To investigate the impact 

of this large AR on the model results 2D numerical simulations identical to those 

summarized in Table 5.1 were carried out, but for the topology in Region 2 as shown in 

Figure 5.3(a). The particular mesh dimensions used are listed in Table 5.2. In all 

simulations the mesh dimension in the 𝑥 direction expanded from Δ𝑥2 at the boxes, up to 

Δ𝑥1 (= 𝜆𝑝/200) far from the boxes. An expansion ratio  𝜅 was introduced to define this 

expansion, where  𝜅  is the rate at which the width of the cell increases per cell. 

From the illustrations of the free surface shown in Figure 5.7 and the time series in Figure 

5.8, respectively, it is evident that spurious wiggles with a wavelength of approximately 

12 mm (on the order of Δ𝑥1 and much smaller than the wavelengths of interest) occur 

near the free surface for Test C1, and this influences the time series. However, with 

decreasing AR the spurious wiggles become smaller, i.e. they reduce for Test C2 and 

disappear for Test C3, respectively. It is noteworthy that although Test C1 and C4 share 

the same AR of 5.0, much smaller spurious oscillations occur for C4 due to its finer mesh 

compared with C1. This indicates that the scale of spurious wiggles is dependent on the 

mesh resolution; i.e. given a large AR, a finer mesh may have smaller spurious wiggles.  

In order to rule out the possibility that the spurious wiggles are caused by large expansion 

ratio κ between adjacent cells, two additional cases C5 and C6 were carried out and the 

illustrations of free surface elevation are shown in Figure 5.7(e)-(f). It can be seen that 

reducing the expansion ratio from  𝜅 =1.06 to  𝜅 =1.01 simply augments the number of  

 



 

 

  

(a) C1 (b) C2 

  

(c) C3 (d) C4 

  

(e) C5 (f) C6 

Figure 5.7  Illustration of the interface between air and water near the gap with various 

aspect ratios. Note that the images are of the same scale with frame length of 0.12𝜆𝑝 

captured at the same instant; colours represent volume fraction: red (𝛾=0) and blue 

(𝛾=1) represent air and water respectively while green is intermediate and indicates 

the interface between air and water.  
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(a) C1 

 

(b) C2 

 

(c) C3 

 

(d) C4 

Figure 5.8  Time series of the free surface elevations with various aspect ratios. 

  



 

cells with large AR and hence the situation becomes even worse for Test C6. Hence it 

can be concluded that the expansion ratio is not independently responsible for the wiggles. 

In summary, the above results suggest that an AR less than 2.5 for the cells near the free 

surface is required when Δ𝑥2 =2 mm to ensure accuracy in capturing the free surface. For 

cases with a finer mesh, the AR can be larger so as to save cells provided the wiggles 

have little bearing on the results. Additional testing (not shown) indicated that for 

Δ𝑥2=0.4 mm and 0.1 mm, the AR can be as large as 5 and 20, respectively. Consequently, 

the 3D mesh ensures Δ𝑧1 is chosen to meet these maximum ARs once Δ𝑥2 has been set. 

In all cases considered, this choice of Δ𝑧1 satisfied the AR requirements away from the 

boxes when Δ𝑥1 < 𝜆𝑝/200. 

5.3.2.5 Determination of 𝜟𝒚𝟏 and 𝜟𝒚𝟐 

Zhao et al. (2017) showed that the 3D gap response is essentially a superposition of 

several resonant modes excited by incident wave components with corresponding modal 

frequencies. Under beam sea conditions, even modes in the gap are not excited due to 

symmetry, whilst odd modes up to the seventh mode are significant. Based on this 

observation the numerical model has been developed assuming that a sinusoidal mode 

with length 2/7 times the box length (0.95 m) must be resolved to yield good agreement 

with the experimental measurements. To achieve this Δ𝑦1 has been chosen so that there 

are 60 cells per wavelength for the seventh mode (i.e. Δ𝑦1 =15.8 mm). This selection is 

based on the fact 60 cells per wavelength are usually needed to generate a regular wave 

with accuracy. 

To select Δ𝑦2 two simulations were carried out using a 3D wave tank having width 1.5 m 

with mesh resolution in the transverse direction Δ𝑦2  of 75 mm and 18.75 mm, 

respectively. Time series at the focus position of a NewWave group are compared with 

2D simulation results in Figure 5.9. It is found that wave propagation is not influenced by 

the mesh resolution in the transverse direction. Hence a mesh dimension of Δ𝑦2 larger 

than Δ𝑦1 can be adopted in Region 2, enabling reduced computational cost. 

It should be noted that the simulations presented in Figure 5.9 do not test how small Δ𝑦2 

must be to accurately simulate waves travelling in the 𝑦 direction (as might be expected 

for waves scattered in the 3D problem due to the boxes). However, artificial damping of 

scattered waves propagating away from the boxes does not preclude accurate results being  
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Figure 5.9  Time series of the free surface elevations with various cell sizes in the 

transverse direction. 

obtained local to the boxes, provided that the near field is resolved. 

5.3.3 Extent of NWT 

Running 3D CFD simulations in a NWT of experimental size is extremely time-

consuming and not necessary. To save computational effort the size of the NWT has been 

optimized.  

5.3.3.1 Length (𝑳𝒘) and depth (𝑯𝒘) of NWT 

For gap resonance problems, most computational cost is spent on the free surface and 

near-field region. The downstream region can be reasonably reduced as long as there are 

no waves reflected from the outlet boundary. Based on the results in Chapter 4, the length 

of the NWT has been chosen as 𝐿𝑤 =12 m with relaxation zone of 3.0 m (2𝜆𝑝) in length 

applied at the outlet for the purpose of wave absorption. (The relaxation zone performs 

well in wave absorption when the relaxation zone length is larger than the wavelength of 

interest (Jacobsen et al., 2012)).  

The water depth has been chosen as ℎ=1.5 m which satisfies the deep-water condition 

experienced in the experiments. (As shown in Section 4.5 if the deep-water condition is 

satisfied for the incident waves and the boxes have draft small compared to the 

wavelength the resonant frequencies are unaffected by changes in water depth in this 

regime.) 

 

 



 

 

 

Figure 5.10  Comparison between the free surface elevations recorded near the side-

wall of the 3D NWT and the undisturbed incident wave. 

5.3.3.2 Width (𝑩𝑾) of NWT 

Due to the thin and long geometry of the boxes, wave reflection in the wave propagation 

direction is more significant than lateral reflection and diffraction. For this reason, 

relaxation zones (See Section 5.3.4.2) are not applied near the side-wall in this study. 

Without lateral wave absorption, the width of wave tank should be chosen to be 

sufficiently large to ensure waves radiated from the gap will not reflect from the side-wall 

into the gap again to a significant extent.  There are two processes working in favour of 

this. First, energy spreads outwards from the gap in all directions, so only a small amount 

propagates in the right direction to reflect from the walls and back to the gap again (any 

that reaches the ends of the tank is absorbed).  Second, the radiated waves are an order of 

magnitude smaller than the incident waves or gap resonance amplitudes.  Hence the 

radiated waves are inadequately resolved by Δ𝑧1  and are subject to unphysical 

dissipation, which is beneficial in this case. A 3D gap resonance simulation with boxes 

was carried out using a wave tank width 𝐵𝑤=4𝐿𝑚  and the free surface elevation was 

measured near the side-wall (see WG8 in Figure 5.1(a)) to determine if the tank width 

was sufficient without relaxation zones. Figure 5.10 shows the measured time series near 

the side-wall and the incident wave is also displayed for comparison. Little reflection is 

observed after the transient wave group has passed the focus position. An additional case 

with 𝐵𝑤=8𝐿𝑚 was carried out to further confirm the reflection from the side-wall does 

not affect the gap responses as shown in Figure 5.11. It can be seen that almost no 

difference can be found in the time series of gap responses using different wave tank 

widths and hence 𝐵𝑤 =4 𝐿𝑚  appears to be a sufficient choice for the 3D model.  
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Figure 5.11 Free surface elevations measured at the gap centre (WG 4) using different 

wave tank widths. 

5.3.3.3 Symmetry boundary condition 

The number of cells for this 3D problem can easily reach several tens of millions. Given 

that the geometry of the numerical configuration is symmetrical about the mid-ship plane 

(which also holds true for the experiment) the computational cost will be significantly 

reduced if it is feasible to use half of the original computational domain with symmetry 

boundary conditions applied at the symmetry plane (see Figure 5.1(a)). Moreover, it is 

postulated that the decay of water motions in the gap in Zhao et al. (2017) is a result of 

linear damping, which means there is unlikely to be significant vortex shedding from the 

rounded corners; hence that splitting the computational domain is unlikely to have any 

bearing on the vortex structures in the gap. To confirm the suitability of a symmetry plane 

3D simulations were carried out using a half-domain with symmetry boundary condition 

and an entire-domain respectively. The results (see Figure 5.12) show the difference is 

trivial between the two cases; indicating a half-domain is a good option for this study. 

5.3.4 Boundary conditions  

5.3.4.1 Wave recreation 

Taking the large dimensions of the physical wave basin into account, it is exorbitant to 

establish a NWT of the same size. However, if the NWT length is reduced the control 

signal at the wave maker in the experiment cannot be used at the numerical inlet boundary 

directly. So as to use a smaller NWT this problem is overcome by using an iterative 

method to adjust amplitude and phase information at the numerical inlet boundary until 

the desired wave profile (closely matching the experimental measurement) is achieved at 

the focus position. 



 

 

 

 

(a) WG 1 

 

(b) WG 2 

 

(b) WG 3 

 

(b) WG 4 

Figure 5.12 Time series of the 3D gap responses using the “half” and the “entire” 

computational domains. Red dashed and blue dotted lines: symmetrical positions in the 

“entire” domain; Black solid line: “half” domain. 
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Scheme Iteration algorithm 

Scheme 1  𝜃𝑛𝑒𝑤 = 𝜃𝑜𝑙𝑑 + 2 ∙ (𝜃𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜃𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑) 

Scheme 2 

Chaplin (1996) 
 𝜃𝑛𝑒𝑤 = 𝜃𝑜𝑙𝑑 + (𝜃𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜃𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑) 

Scheme 3 

Schmittner et al. (2009) 
 {
𝜃𝑛𝑒𝑤 = 𝜃𝑜𝑙𝑑 + 2 ∙ (𝜃𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜃𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑)

𝐴𝑛𝑒𝑤 = 𝐴𝑜𝑙𝑑 ∙ (𝐴𝑡𝑎𝑟𝑔𝑒𝑡/𝐴𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑) ∙ 𝑠
 

Scheme 4  

Fernandez et al. (2013) 
 {
𝜃𝑛𝑒𝑤 = 𝜃𝑜𝑙𝑑 + (𝜃𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜃𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑)

𝐴𝑛𝑒𝑤 = 𝐴𝑜𝑙𝑑 ∙ (𝐴𝑡𝑎𝑟𝑔𝑒𝑡/𝐴𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑)
 

Scheme 5  

Stagonas et al. (2014),  

Vyzikas et al. (2015) 

 {
𝜃𝑛𝑒𝑤 = 𝜃𝑜𝑙𝑑 + (𝜃𝑡𝑎𝑟𝑔𝑒𝑡

1𝑠𝑡 − 𝜃𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑
1𝑠𝑡 )

𝐴𝑛𝑒𝑤 = 𝐴𝑜𝑙𝑑 ∙ (𝐴𝑡𝑎𝑟𝑔𝑒𝑡
1𝑠𝑡 /𝐴𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑

1𝑠𝑡 )
 

Table 5.3 List of iterative schemes. 

This iteration process is essentially a control problem, which can be viewed in terms of 

its input (i.e. the control signal at the inlet boundary) and output (i.e. measured wave 

profile at the target position). To solve this control problem several iteration methods 

have been proposed in the literature. Chaplin (1996) conducted experiments to focus 

waves at a specified location by using an iterative method to adjust the phases of the 

constituent waves. Later, Schmittner et al. (2009) extended this method to iterate the 

amplitude and phase of the constituents and recreated the famous New Year Wave. The 

results from that recreation were close to the target field data, however, some 

discrepancies between the target and recreated waves can be observed, and these persist 

with further iterations. Fernandez et al. (2014) suggested a self-correcting method (SCM) 

similar to Schmittner’s approach, but with a relaxation coefficient of unity instead of two 

for updating the phase information. They compared this method with the two earlier 

iterative methods, finding that the phase iterative method performed better than the phase 

and amplitude iterative method when a linear control signal (based on linear wave theory) 

and a linear target wave profile were used. They explained that the phase and amplitude 

correction scheme will not produce satisfactory results if the assumed target signal is not 

realistic in nature.  

Stagonas et al. (2014) and Vyzikas et al. (2015) further improved the previous iterative  

 



 

 

  

(a) Time series (b) Amplitude spectrum 

Figure 5.13 The evolution of total time series and amplitude spectrum using Scheme 1. 

Black solid line: experimental results; Red dotted line: numerical results. From top to 

bottom: first to fourth iteration. 

schemes for larger amplitude waves by iterating based on the linearized signal extracted 

from the fully nonlinear time series. A phase decomposition method was used to extract 

the linear signal. They suggested this approach by reasoning that the full spectrum of a 

non-linear wave group is uniquely defined by its linear component and demonstrated 

good results even for steep (almost breaking) waves. 

Table 5.3 summarizes each of the different iterative schemes discussed above. To test 

these schemes the amplitude and phase of each wave component comprising the transient 

base case wave group in Zhao et al. (2017) were first identified from the experimental 

time series at the focus position. Assuming linear propagation from the inlet boundary to 

the target position the phases of these wave components were then adjusted. The resulting 

amplitude and adjusted phases are used as the input control signal at the inlet boundary 

in the first iteration. Following this, a specific iterative method listed in Table 5.3 was 

employed to adjust the phase or phase and amplitude information of each individual wave 

component at the inlet boundary iteratively. 

Within Table 5.3 the subscript ‘old’ implies the initial or previous values used for the  
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(a) Time series (b) Amplitude spectrum 

Figure 5.14 The evolution of total time series and amplitude spectrum using Scheme 3. 

Black solid line: experimental results; Red dotted line: numerical results. From top to 

bottom: first to fourth iteration. 

control signal at the inlet boundary, whilst ‘new’ implies the new (or iterated) values used 

for the control signal at the inlet boundary, ‘recorded’ is the simulated values obtained at 

the focus position and ‘target’ is the measured values obtained at the focus position from 

the experimental time series. The superscript ‘1st’ indicates that the linearized signal is 

used, and ‘𝑠’ is a scaling factor that can be used to speed up the iteration (set to unity in 

this work). 

Here the location of the inlet boundary is set as 𝑥=-5.5 m and the focus position at 𝑥=0 

m. To ensure all the wave components can arrive at the focus position when they come 

into phase to produce the largest wave amplitude α, the simulation time is set so that the 

shortest (slowest) wave component in the spectrum has time to reach the focus position. 

Within the frequency range observed in the base case wave group in Zhao et al. (2017) 

the shortest wave component has group velocity of 0.565 m/s, which means a time span 

of at least 9.8 s should be reserved. Consequently, the focus time was set to 𝑡=0s, and the 

simulation was run from 𝑡= –20 s to 𝑡=52 s. The relevant frequency range (0–2.76) Hz 

was discretised using 199 spectral components. The iterative results for each scheme are  



 

 

 

  

(a) Time series (b) Amplitude spectrum 

Figure 5.15 The evolution of total time series and amplitude spectrum using Scheme 2. 

Black solid line: experimental results; Red dotted line: numerical results. From top to 

bottom: first to eighth iteration. 

 

  



 
Chapter 5: Development of a numerical wave tank to simulate 3D gap resonance between two fixed vessels with 

round corners 

5-23 

 

 

 

  
(a) Time series (b) Amplitude spectrum 

Figure 5.16 The evolution of total time series and amplitude spectrum using Scheme 4. 

Black solid line: experimental results; Red dotted line: numerical results. From top to 

bottom: first to eighth iteration. 

 

 

  



 

 

 

  
(a) Time series (b) Amplitude spectrum 

Figure 5.17 The evolution of linearized time series and amplitude spectrum using 

Scheme 5. Black solid line: experimental results; Red dotted line: numerical results. 

From top to bottom: first to eighth iteration. 
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Figure 5.18 Spectra of the input control signals at the inlet boundary and the recorded 

linear wave signal at the focus position. 

shown in Figure 5.13 to Figure 5.17. Schemes 2, 4 and 5 were found to give better 

agreement with the experimental target than Schemes 1 and 3.  

For Scheme 2 and Scheme 4 these results are shown in Figure 5.15 and Figure 5.16, in 

which it can be seen that Scheme 4 converges to a better result than Scheme 2. Typically, 

Scheme 2 is a good option if the intention is to focus the waves at a predefined position 

regardless of the eventual focused wave amplitude. However, for the purpose of 

reproducing a given wave profile, the amplitude of the spectral component should be 

updated as well during each correction. Scheme 4 does this and delivers an improved 

recreation of the desired wave group, though discrepancies in the spectrum can be seen 

at frequencies larger than 1.5 Hz. For these frequencies the results may become worse 

with more iterations for reasons discussed below.  

To adopt Scheme 5 linearized measurements were extracted using the phase inversion 

method (see Chapter 7) – made possible because Zhao et al. (2017) ran wave groups with 

inverted phases in the experiment. Results for the subsequent iteration scheme are given 

in Figure 5.17. It can be seen in this figure that Scheme 5 leads to improved agreement 

with the experimental measurements both in terms of time series and amplitude spectrum. 

However, some discrepancies still exist at high frequencies. To investigate this further an 

additional case with a finer spectral resolution of 550 wave components was performed 

as well. However, the results are similar to those in Figure 5.17. The comparison between 

the numerical input control signal at the inlet boundary and the recorded underlying linear 

signal at the target position for iteration 4 of Scheme 5 is shown in Figure 5.18. Although 

there is nearly no input energy at the inlet boundary between 1.5 Hz and 2.0 Hz, the 

recorded linear spectrum at the focus position still exhibits more energy in this frequency  

 



 

 

 
(a) Test D1, elevation at x=0 m (focus position) 

 
(b) Test D2, elevation at x=-0.9 m 

Figure 5.19  Time series of the free surface elevations in wave reflection tests. The 

domain lengths are (a) 12 m and (b) 4.7 m. 

zone than the experimental linear target. Given the frequency range relative to the peak 

frequency, this cannot be attributed to third-order bound nonlinearity. As discussed by 

Gibson and Swan (2007), besides higher-order bound nonlinearities, third and higher-

order resonant nonlinearities also contribute to the nonlinearity of a large transient wave 

event. The bound interactions sharpen the peaks and broaden the troughs of the wave 

profile but do not alter the underlying linear spectrum whilst the resonant interactions 

redistribute energy within the linear spectrum. As a result, the bandwidth of a linear 

spectrum will increase during propagation from the inlet boundary to the target position. 

This phenomenon is also addressed by Ma et al. (2009) and Adcock and Taylor (2016). 

Basically, the iterative method feeds back from output to input at the same frequencies 

and does not take the energy redistribution within the spectrum into account. Therefore, 

it is very difficult to recreate the same spectrum at the target position as measured in the 

experiment using this scheme if the bandwidth of the underlying linear spectrum increases 

during propagation since “negative amplitude” is not achievable (this also explains the 

difficulties for higher frequencies using Scheme 4). However, the small discrepancy 

between the target and the Scheme 5 result in the high-frequency region is of little 

importance for the 1st to 7th modes of gap resonance so that it may have little bearing on 

the gap responses. Consequently, the results of iteration 4 using the linear iterative method 



 
Chapter 5: Development of a numerical wave tank to simulate 3D gap resonance between two fixed vessels with 

round corners 

5-27 

 

Scheme 5 appears to offer a satisfactory input for the 3D gap resonance numerical 

simulations. 

5.3.4.2 Wave absorption using relaxation zone technique 

Wave relaxation zones enable long-time simulations without wave reflections from the 

boundaries. In the NWT relaxation zones are applied at both the inlet and outlet 

boundaries to avoid wave reflection (a discussion of laterally reflected waves has been 

addressed in Section 5.3.3.2). Two wave reflection tests were performed to ensure the 

reflected waves from the boxes could be absorbed properly by the inlet boundary. For this 

test no boxes were present in the NWT and the position of the outlet boundary was set at 

𝑥=6.5 m (as in Test D1) and 𝑥= –0.8 m (representative of a wave reflecting off the front 

of the first box, as in Test D2, given the waves are highly reflective in the wave 

propagation direction). The relaxation zone was only implemented at the inlet and the 

outlet boundary condition is set as a no-penetration non-slip wall. The free surface 

elevations were measured at the focus position of the incident wave group and near the 

outlet boundary for each test, respectively. Figure 5.19 presents these elevation time series 

in which no reflections from the inlet can be discerned – any such reflections would have 

arrived around 𝑡=31 s and 𝑡=12 s, for D1 and D2 respectively. It can be seen that the 

reflected waves from the outlet boundary are well absorbed by the relaxation zone 

implemented at the inlet for both tests. 

5.4 Conclusions 

This chapter documents the development of a CFD model to simulate 3D gap resonance. 

The mesh topology and extent, together with appropriate boundary conditions are 

systematically optimised in order to replicate the physical experiment. Within the 

computational domain, the boundary layer thickness will be the smallest length scale and 

require the finest mesh. To improve efficiency the key is to have the highest possible 

aspect ratio for this fine mesh, so that upstream of the boxes the propagation of the 

incident waves can be simulated reliably without overly fine vertical resolution.  

The experimental transient wave group has been recreated using various iterative 

schemes, among which the linear iterative scheme gives the best agreement with the 

experiment by iteratively correcting the linearized wave measurements. The 3D CFD 



 

model will be validated against the experimental data of Zhao et al. (2017) in Chapter 6 

7. 
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6 LINEAR EXCITATION OF 3D GAP 

RESONANCE BETWEEN TWO FIXED 

VESSELS WITH ROUND CORNERS 

 

6.1 Introduction 

Full CFD models have been extensively applied to gap resonance in 2D, but less so in 

3D, where the computational demand is greater. In this chapter and Chapter 7 and 8, three 

3D transient wave group experiments of Zhao et al. (2017) are reproduced in full using 

CFD – this ambitious effort enables comparison of time series rather than averaged 

responses, and by reducing the simulation time required (compared to using regular 

waves), increases the numerical resolution that can be used.  

In this chapter linear transient wave group excitation of 3D gap resonance is simulated 

using the NWT established in Chapter 5. The ability of CFD to resolve both wave and 

boundary layer scales is demonstrated. 3D wave fields of incident waves and responses 

are shown to demonstrate how resonance builds up in the gap and then decays over time. 

By interrogating the flow field information, the approach taken also enables a detailed 

investigation of the nature of the damping.  

6.2 Reproducing experiments 

A 3D NWT is established as detailed in Chapter 5. The dimensions of the NWT have 

been minimised (compared with the physical wave tank) as (𝐿𝑤 , 𝐵𝑤 22, 𝐻𝑤 )   (12.0, 

6.666, 2.0) m. The water depth is 1.5 m which satisfies the deep-water condition. Two 

fixed identical prismatic boxes with round corners are exposed to a transient wave group 

incident from beam direction, which is based on a Gaussian spectrum with a peak  

 



 

 

 

(a) time series 

 

(b) amplitude spectrum 

 

(c) phase spectrum 

Figure 6.1 Comparison of experimental and numerical linear incident wave groups. 

frequency of 𝑓𝑃=1.015 Hz (which corresponds to the frequency of the mode with one 

half-wavelength along the length of the gap) and maximum wave amplitude of 𝛼=50 mm. 

By varying the near-wall cell width Δ𝑥2  according to the value used for the 2D gap 

resonance simulations (see Section 5.3.2.3), four meshes A1, A2, A3 and A4 with Δ𝑥2 

equal to 2.0 mm, 0.4 mm, 0.1 mm and 0.05 mm respectively, were used to simulate 3D 

gap resonance. The vertical cell heights near the free surface Δ𝑧1 are then chosen as 5.0 

mm, 2.0 mm and 2.0 mm, 2.0 mm for A1, A2, A3 and A4, respectively. The other mesh 

dimensions are the same for the four cases with (Δ𝑥1 , Δ𝑦1 )   (7.5, 15.8) mm. For 

robustness, the time step of the simulations was chosen to be runtime adaptive with 

maximum Courant number not exceeding 0.5 (chosen based on experience).  
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(a) time series 

 

(b) amplitude spectrum 

 

(c) phase spectrum 

Figure 6.2 Comparison of experimental and numerical crest-focused total incident wave 

groups. 

Given that attached boundary layers are expected, a symmetry boundary condition was 

applied at the mid-ship plane 𝑦 = 𝑦0 to reduce the computational cost. However, due to 

the two-scale essence of this problem, in which surface wavelength and boundary layer 

scales are resolved simultaneously, the number of cells is still extremely large, which 

renders the 3D simulations very challenging. For A1-A4 the number of cells is (28.2, 

45.6, 48.1, 49.6) million respectively. The computational time is approximately 50,000 

and 1 million CPU hours for A1 and A3 respectively, computed using 720 cores on a Cray 

XC40 supercomputer with 2.6 GHz Intel Xeon E5-2690 v3 "Haswell" CPUs. 

 



 

 

 

 

(a) A1 

 

 

(b) A2 
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(c) A3 

 

 

(d) A4 

Figure 6.3 Near-wall vertical velocity profiles at various phases with different meshes. 

Circle: theoretical solution; solid line: CFD results. 

 

  



 

The incident wave group was recreated for each 3D case with its corresponding 2D mesh. 

The results of linear and crest-focused total incident wave signal for A3 (Δ𝑥2=0.1 mm) 

are shown in Figure 6.1 and Figure 6.2. It is found that the numerical results give very 

good agreement with the experimental results and only small discrepancies are found for 

the total amplitude spectrum. The phases 𝜃 of the underlying wave components are close 

to 0, indicating most of the wave components come into phase at the focus time.  

The recreated incident wave group has been used to excite gap motions for meshes A1-

A4. Based on the arguments about the 𝐾𝐶 number and 𝑅𝑒 number discussed in Chapter 

5, the near-wall velocity profile should resemble a Stokes boundary layer for oscillatory 

flow over an infinite flat plate. Typically, the Stokes boundary layer considers a sinusoidal 

flow with a single amplitude and frequency. Here, however, there are multiple oscillation 

frequencies, all associated with time-varying amplitude and the hull is finite and rounded 

(though the rounding is large compared to the boundary layer thickness). To compare the 

boundary layer profile computed in the vertical part of the gap in the NWT to this theory, 

a velocity-based time-dependent pressure gradient is used to numerically solve the Stokes 

equation, 

 ∆𝑝(𝑡) = −𝜌
𝜕𝑢𝑧
𝜕𝑡
+ 𝜇

𝜕2𝑢𝑧
𝜕𝑥2

 + 𝜌𝑔 (6.1) 

where 𝑢𝑧 , 𝜌 , 𝜇 , 𝑔  represent vertical fluid velocity, density and dynamic viscosity of 

water, and gravitational acceleration, respectively. The derivatives are evaluated via the 

central differencing method. To calculate the vertical velocity profile normal to the wall 

at 𝑧 = −0.43𝐷𝑚, which is adjacent to the wall point 𝑆1(𝑥, 𝑦, 𝑧)=(−𝐵𝑔/2, 0, −0.43𝐷𝑚) in 

the straight part of the gap, at a depth which the free surface does not reach (see the 

illustration in Figure 5.1(b)), the velocity-based pressure gradient ∆𝑝(𝑡) measured at 

(−0.9𝐵𝑔/2, 0, −0.43𝐷𝑚) is applied in Eq. (6.1). This sampling point is close to the wall 

but still outside the boundary layer. 

The theoretical near-wall vertical velocity profiles across the gap, obtained using the 

Stokes equation, are compared to the CFD results for different meshes at various phases 

over a nominal cycle as shown in Figure 6.3. Agreement between the theoretical solution 

and the CFD results becomes better as the near-wall mesh is refined, such that A3 and A4 

give excellent agreement. These figures have several implications. Firstly, the near-wall  



 
Chapter 6: Linear excitation of 3D gap resonance between two fixed vessels with round corners 

6-7 

 

 

 

(a) WG 1 

 

(b) WG 2 

 

(c) WG 3 

 

(d) WG 4 

Figure 6.4 Responses at various locations along the gap for different meshes. 

  



 

 

 

(a) WG 1 

 

(b) WG 2 

 

(c) WG 3 

 

(d) WG 4 

Figure 6.5 Responses at various locations along the gap for A3 compared to 

experiments. 
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Figure 6.6 Spectra of the gap responses in different locations for A3 and experiment. 

𝑆(𝑓)  refers to the power spectrum and 𝑓  is the frequency. ‘Expt.’ refers to the 

experimental data. 

boundary layer is Stokes-like. Secondly, the near-wall cell size Δ𝑥2 must be sufficiently 

small to resolve the boundary layer scale.  

Time series of free surface elevation measured at WG 1-4 for A1-A4 are compared in 

Figure 6.4. The phases of A2, A3 and A4 agree well, while A1 leads the other three 

slightly. In terms of amplitude, the gap responses decay more swiftly as the near-wall 

mesh is refined. It is clear that, after the initial ‘excitation stage’ A1>A2>A3≅A4. Based 

on Figure 6.3 and Figure 6.4 it is concluded that convergence is achieved for mesh A3. 

Thus, in Figure 6.5 the responses at WG 1-4 computed using mesh A3 are compared to 

the experimental measurements of Zhao et al. (2017). The agreement with experiment is 

very good except for some over-predictions which occur periodically. 

Several reasons may be responsible for the discrepancies: (1) The numerically recreated 

transient wave group is not exactly the same as that used in the model test and hence some 

difference should exist; (2) In the simulations the dynamic viscosity 𝜇=1000 μPas, while 

temperatures in the Shanghai basin during the tests were 17°C, giving a larger viscosity 

of 𝜇=1080 μPas. (3) In the numerical simulation the surface of the boxes is assumed to  

 



 

 

 𝑓1 𝑓3 𝑓5 𝑓7 

Experiment 1.025 1.135 1.245 1.373 

Numerical A3 1.025 1.116 1.226 1.354 

Table 6.1 Frequencies 𝑓 (Hz) for the modes of the gap resonant response identified 

from FFT analysis. 

be perfectly smooth whereas roughness to some extent is expected on the box surfaces in 

the experiments. This will introduce extra energy dissipation in the experiments, though 

surface roughness may only have minimal effects for laminar flows. 

Spectral analysis is performed using a fast Fourier transform (FFT) to obtain the power 

spectral density of the gap responses and enable a comparison to the experimental data at 

WG 4 shown in Figure 6.6. It is found that multiple characteristic frequencies are present, 

corresponding to different modes in the gap. The characteristic frequencies for A3 are 

compared to their experimental counterparts in Table 6.1 and satisfactory agreement is 

found. The small difference is due to the fact that FFT analysis does not identify 

characteristic frequencies well for short time series (the frequency resolution ∆𝑓 is 0.0183 

Hz). The analysis performed in Section 6.3.1 will show that the agreement of the resonant 

frequencies between numerical and experiment is very good.  

6.3 Damping analysis  

6.3.1 Global damping 

Due to the transient nature of the incident wave group, there is no consistent energy input 

into the gap. Therefore, the entire process of the gap response can be conceptualised as 

occurring in two stages, i.e. the excitation stage when the incident wave group drives the 

oscillatory fluid motions, and the decay stage, when the incident wave group has passed 

and the gap motion is a pure decay. Here the critical time to define these two stages is 

defined as when the linearized envelope of the incident wave has decreased to 4% of its 

peak (𝑡=6.4 s). If the total damping in the decay stage is linear, the free surface elevations 

should be well represented by a series of decaying sinusoids with frequencies 

corresponding to the gap resonant modes: 
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Figure 6.7 Comparison of free surface elevation at WG 4 and reconstructed using a 

numerical fit with different modes. 

 

 𝜑(𝑡) =∑𝐴𝑚 sin(𝜔𝑚𝑡 + 𝜃𝑚) 𝑒
−𝜔𝑚𝜉𝑚𝑡

𝑚

 (6.2) 

where 𝑓𝑚 = 𝜔𝑚/2𝜋 is the resonant frequency of the 𝑚𝑡ℎ  mode, 𝜉𝑚  is the normalized 

modal damping, and 𝐴𝑚 and 𝜃𝑚 are the modal amplitude and phase at the start of the time 

window. The method of Kumaresan and Tufts (Kumaresan & Tufts, 1982) is used to 

calculate the modal parameters using free surface elevation time series at a number of 

points in the gap, assuming the modal frequencies and damping coefficients are 

independent of position along the gap, while the amplitude varies from position to 

position. By applying the singular value decomposition (SVD) and using large values of 

the prediction filter order, this method performs well in estimating the parameters of 

exponentially damped sinusoids for short data records. Choosing a 20 s time window of  



 

 

 

 

Figure 6.8 Frequencies 𝑓 (Hz) and damping coefficients 𝜉 × 103, for mode 1, 3 and 5 

of gap resonant free surface elevation 𝜑, transverse velocity 𝑢𝑦 and vertical velocity 

𝑢𝑧  for linear excitation. Red dashed lines are modal frequencies predicted using 

potential flow software DIFFRACT. 

𝑡 ∈ [9, 29] s in the decay stage, the analysis is conducted for the experimental and 

numerical free surface elevations measured along the gap. The reconstructed time series 

are compared to the free surface elevation measured in the NWT. It is found that the free 

surface elevation can be well reconstructed with sufficient modes used (see the example 

of free surface elevation measured at WG 4 in Figure 6.7). This demonstrates the free 

surface elevation in the gap can be approximated as a linear superposition of several mode 

shapes. 

The calculated modal frequencies and damping coefficients obtained using the method of 

Kumaresan and Tufts, and the resonant frequencies predicted using the potential flow 

software DIFFRACT are shown in Figure 6.8. The results suggest that the first resonant 

frequency identified from the CFD simulations matches the experimental value more 

closely than potential flow theory for the first mode, while the opposite is true for the 

higher modes. Nevertheless, the frequency agreement in all cases is quite good (within 

1%). The modal damping values are of primary interest, and as expected approach the  
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Figure 6.9 Numerical fit of damping coefficients compared to experiment. ‘Num.’ and 

‘Expt.’ refer to ‘numerical’ and ‘experimental’ respectively.  

experimental levels from below as the mesh is gradually refined and the boundary layer 

resolved. For meshes A3 and A4 the agreement with the experimentally observed 

damping is satisfactory, though generally slightly smaller than the experimental value. 

As an additional exercise the damping coefficients are extrapolated to zero cell-size of  

Δ𝑥2 using the available numerical results, based on a fit using the form of a (1,1) Padé 

approximant 

 𝜉 = 𝜉0(1 + 𝐴
′ ⋅ Δ𝑥2)/(1 + 𝐵

′ ⋅ Δ𝑥2) (6.3) 

where 𝜉0 is the extrapolated damping coefficient for zero cell-size of Δ𝑥2 and 𝐴′ and 𝐵′ 

are two coefficients determined based on the fit. The extrapolated results are compared 

to the experimental data shown in Figure 6.9, where the numerical fits for different modes 

have similar form. The zero cell-size damping coefficients have excellent agreement with 

the experimental results for the first and fifth mode, whereas some discrepancies exist for 

the third mode.  These results challenge the assertion made earlier that convergence was 

achieved for the mesh with Δ𝑥2 = 0.1 mm.  However, the fit has no physical basis, and it 

appears that the results for Δ𝑥2 = 0.05 mm are somewhat lower than we would expect 

based on the slope of the extrapolation.  What can be said is that the damping coefficients  

 



 

 

 

Figure 6.10 Time series of vertical velocity measured at (𝑥0, 𝑦0, –0.43𝐷𝑚). Sampling 

window 𝑡1 is in the excitation stage and 𝑡2 is in the decay stage. 

derived from the numerical simulation are within approximately 10% of the experimental 

values for modes 1 and 5, but that clearly the agreement is different (worse) for mode 3. 

From the numerical point of view, any misalignment of the resultant flow with the grid 

results in false diffusion which is a diffusion-like numerical error arising from the 

numerical approximations of the convection term. A coarse mesh usually induces larger 

false diffusion than a fine mesh (Patankar, 1980), so it is common for fluid damping to 

be overpredicted when mesh refinement is inadequate. Here, however, the trend is the 

reverse and the cause is associated with the near-wall boundary layer. From Figure 6.3 

mesh A1 clearly underestimates the near-wall velocity gradient over the cycle due to a 

lack of mesh resolution. This will lead to underestimation of damping induced by near-

wall shear stress. By refining the near-wall mesh the numerical velocity gradient 

approaches the actual value, and hence the damping coefficients become closer to the 

experiment. Therefore, it appears that the damping induced by wall friction dominates 

any false diffusion. In this case the false diffusion is expected to be small, considering 

that the structured mesh in the gap follows the curvature of the walls and the convection 

term is small since the gap flow is Stokes-like. At this point note should be made of the 

work of Kristiansen & Faltinsen (2012), who demonstrated convergence of gap responses 

by varying the number of uniform cells across the gap and concluded that gap responses 

were not sensitive to mesh refinement in the gap for their 2D geometry with square bilges. 

However, for the geometry with rounded bilges, it is emphasized the gap responses can 

only be predicted with accuracy when the boundary layer scale is resolved properly, 

which is also consistent with the 2D results presented in Chapter 4. 
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6.3.2 Local damping 

From the physical point of view, the ‘global’ damping which affects the oscillatory water 

motions in the gap consists of the potential flow radiation damping caused by outgoing 

waves and the viscous damping caused by wall friction and possibly flow separation. 

Since the total damping is linear and the potential flow radiation damping is well-known 

to be linear, the viscous damping should also have a linear form. This means no significant 

effects of vortex shedding should exist and the local viscous damping is due to laminar 

boundary layers.  

While the ‘global’ damping of the free surface elevations in the CFD appear satisfactory, 

the advantage of numerical simulations is that the flow field can be interrogated in detail. 

Therefore, it is of interest to determine whether the local field behaviour supports the 

supposition that the damping is due to laminar boundary layers. The normalised vorticity  

 𝛀 = (𝛀𝒙, 𝛀𝒚, 𝛀𝒛) = ∇ × 𝒖/(
𝑢𝑧
𝑚

𝐵𝑔
) (6.4) 

is calculated and examined, where 𝑢𝑧
𝑚 is the maximum vertical velocity at the centre of 

the gap in the mid-ship plane (WG 4). Here, the vorticity contours at different phases 

during a nominal cycle are illustrated in Figure 6.11 to Figure 6.14 for two time windows, 

i.e.  𝑡1 in the excitation stage and  𝑡2 in the decay stage, to include the largest peak and 

trough velocity during which flow separation will most likely occur (see Figure 6.10). It 

is found that no visible vortex shedding occurs from the bilges throughout the simulation, 

whilst only small vortex shedding occurs from the sharp corners at the gap ends. 

To more quantitatively assess the nature of the viscous dissipation, the energy dissipation 

induced by viscous forces (Whitham, 1963) is computed for various control volumes. The 

rate of energy dissipation by the action of viscosity per unit time in a control volume 𝑉 

can be calculated as 

 �̇�𝑣 =
1

2
∫ 𝜇(�̇�𝑥𝑥

2 + �̇�𝑦𝑦
2 + �̇�𝑧𝑧

2 + 2�̇�𝑦𝑧
2 + 2�̇�𝑧𝑥

2 + 2�̇�𝑥𝑦
2 )𝑑𝑉

𝑉

 (6.5) 

 

 



 

 

CV 𝑉1 𝑉2 𝑉3 CV 𝑉1 𝑉2 𝑉3 

𝐸(∆𝑥𝑥
2) 7.57 7.36 0.18 𝐸(∆𝑦𝑥

2) 4.69 4.61 6.33 

𝐸(∆𝑥𝑧
2) 6.03 6.32 0.01 𝐸(∆𝑦𝑧

2) 0.44 0.40 0.01 

𝐸(∆𝑥𝑦
2) 0.02 0.00 0.00 𝐸(∆𝑦𝑦

2) 0.02 0.00 0.00 

𝐸(∆𝑧𝑥
2) 81.12 81.45 93.44 𝐸(∆𝑧𝑦 ∙ ∆𝑦𝑧) 0.00 0.00 0.00 

𝐸(∆𝑧𝑧
2) 7.53 7.35 0.10 𝐸(∆𝑥𝑦 ∙ ∆𝑦𝑥) -0.01 0.00 0.00 

𝐸(∆𝑧𝑦
2) 0.02 0.00 0.00 𝐸(∆𝑥𝑧 ∙ ∆𝑧𝑥) -7.43 -7.48 -0.06 

Table 6.2 Cumulative percentage contribution of viscous losses due to velocity 

gradients. 

where �̇�𝑥𝑥 = 2∆𝑥𝑥  ,  �̇�𝑦𝑦 = 2∆𝑦𝑦 ,  �̇�𝑧𝑧 = 2∆𝑧𝑧 ,  �̇�𝑦𝑧 = ∆𝑧𝑦 + ∆𝑦𝑧 ,  �̇�𝑧𝑥 = ∆𝑥𝑧 + ∆𝑧𝑥 , 

 �̇�𝑥𝑦 = ∆𝑦𝑥 + ∆𝑥𝑦  are the rate-of-strain components and ∆𝑖𝑗  (𝑖, 𝑗= 𝑥, 𝑦, 𝑧) the velocity 

gradient components defined by  

 ∇𝒖 = (

∆𝑥𝑥 ∆𝑥𝑦 ∆𝑥𝑧
∆𝑦𝑥 ∆𝑦𝑦 ∆𝑦𝑧
∆𝑧𝑥 ∆𝑧𝑦 ∆𝑧𝑧

) =

(

 
 
 
 

𝜕𝑢𝑥
𝜕𝑥

𝜕𝑢𝑥
𝜕𝑦

𝜕𝑢𝑥
𝜕𝑧

𝜕𝑢𝑦

𝜕𝑥

𝜕𝑢𝑦

𝜕𝑦

𝜕𝑢𝑦

𝜕𝑧
𝜕𝑢𝑧
𝜕𝑥

𝜕𝑢𝑧
𝜕𝑦

𝜕𝑢𝑧
𝜕𝑧 )

 
 
 
 

 (6.6) 

To attempt to separate the possible viscous dissipation contributions from wall friction 

and flow separation, three control volumes are used. Control volume 𝑉1 surrounds the 

boxes with 𝑥 bounds [-1.25,1.25] (𝐵𝑔/2 + 𝐵𝑚), 𝑧 extending from the NWT floor to the 

time varying free surface 𝜑  and 𝑦  out to 0.56𝐿𝑚 . Control volume 𝑉2  is a thin layer 

surrounding the boxes with thickness 𝛿 = 3 mm (see Figure 6.15). Control volume 𝑉3 is 

similar to 𝑉2 but only includes a thin layer in the vertical part of the gap with thickness of 

𝛿 = 3 mm. The viscous dissipation rates in these control volumes are compared in Figure 

6.15. It is found that the largest difference in dissipation rates between 𝑉1 and 𝑉2 is less 

than 8% during the decay and the cumulative difference is less than 2%, which means 

that nearly all of the viscous dissipation occurs in a thin layer surrounding the boxes, 

suggesting that laminar boundary layers are indeed the dominant damping contribution. 
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(𝑎) 𝑡 = 𝑇/8 

 

(𝑏) 𝑡 = 2𝑇/8 

 

(𝑐) 𝑡 = 3𝑇/8 

 

(𝑑) 𝑡 = 4𝑇/8 

 

(𝑒) 𝑡 = 5𝑇/8 

 

(𝑓) 𝑡 = 6𝑇/8 

 

(𝑔) 𝑡 = 7𝑇/8 

 

(ℎ) 𝑡 = 𝑇 

 

Figure 6.11 Vorticity contour 𝛀𝒙 in the cross section at 𝑥 = 𝑥0 at different phases for 

𝑡1. 

  

𝑦0 



 

 

  

(𝑎) 𝑡 = 𝑇/8 (𝑏) 𝑡 = 2𝑇/8 

  

(𝑐) 𝑡 = 3𝑇/8 (𝑑) 𝑡 = 4𝑇/8 

  

(𝑒) 𝑡 = 5𝑇/8 (𝑓) 𝑡 = 6𝑇/8 

  

(𝑔) 𝑡 = 7𝑇/8 (ℎ) 𝑡 = 𝑇 

Figure 6.12 Vorticity contour 𝛀𝒚 in the cross section at 𝑦=𝑦0 at various phases for 𝑡1. 
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(𝑎) 𝑡 = 𝑇/8 (𝑏) 𝑡 = 2𝑇/8 

 

 

  

(𝑐) 𝑡 = 3𝑇/8 (𝑑) 𝑡 = 4𝑇/8 

 

  



 

 

 

 

  

(𝑒) 𝑡 = 5𝑇/8 (𝑓) 𝑡 = 6𝑇/8 

 

 

  

 

(𝑔) 𝑡 = 7𝑇/8 (ℎ) 𝑡 = 𝑇 

Figure 6.13 Vorticity contour 𝛀𝒛  in the cross section at 𝑧 = −0.43𝐷𝑚  at different 

phases for 𝑡1. 

  

𝑦0 𝑦0 
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(𝑎) 𝑡 = 𝑇/8 (𝑏) 𝑡 = 2𝑇/8 

  

(𝑐) 𝑡 = 3𝑇/8 (𝑑) 𝑡 = 4𝑇/8 

  

(𝑒) 𝑡 = 5𝑇/8 (𝑓) 𝑡 = 6𝑇/8 

  

(𝑔) 𝑡 = 7𝑇/8 (ℎ) 𝑡 = 𝑇 

Figure 6.14 Vorticity contour 𝛀𝒚 in the cross section at 𝑦=𝑦0 at various phases for 𝑡2. 

  



 

 

 

 

Figure 6.15 Time series of viscous dissipation rate for various control volumes. 

 

 

  



 
Chapter 6: Linear excitation of 3D gap resonance between two fixed vessels with round corners 

6-23 

 

 

 

 

 

 

 

Figure 6.16 Contour of viscous dissipation term 𝐸(∆𝑥𝑥
2) at different instants during 

the nominal cycle 𝑡2. White lines indicate the ends of the round bilge. 

  

(𝑎) 𝑡 =11.08s 

(𝑏) 𝑡 =11.24s 

(𝑐) 𝑡 =11.52s 

(𝑑) 𝑡 =11.76s 



 

 

 

 

(𝑎) 𝐸(∆𝑥𝑧
2) 

 

 

(𝑏) 𝐸(∆𝑧𝑧
2) 

 

 

(𝑐) 𝐸(∆𝑦𝑧
2) 
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(𝑑) 𝐸(∆𝑥𝑧 ∙ ∆𝑧𝑥) 

 

 

(𝑒) 𝐸(∆𝑧𝑥
2) 

 

 

(𝑓) 𝐸(∆𝑦𝑥
2) 

Figure 6.17 Contour of viscous dissipation term at 𝑡 =11.24s. White lines indicate the 

ends of the round bilge. 

  



 

 

 

(𝑎) 𝑡 ∈ [−3, 9] 

 

(𝑏) 𝑡 ∈ [9, 29] 

Figure 6.18 Time series of viscous dissipation rate in control volume 𝑉2 for different 

meshes. 

For further investigation the componential contributions to the viscous dissipation 

associated with the squared velocity gradients are shown in Table 6.2 and the 

corresponding contours are shown in  Figure 6.16 and Figure 6.17. It is found (1) most of 

the viscous dissipation occurs near the mid-ship position; (2) the viscous dissipation 

caused by the squared vertical velocity gradient 𝐸(∆𝑧𝑥
2 )  and the transverse squared 

velocity gradient 𝐸(∆𝑦𝑥
2 ) contribute to the majority of the total viscous dissipation, and 

the former dominate the latter because the transverse velocity is much smaller than the 

vertical velocity (see the velocity vector along the gap in Figure 6.29); (3) the viscous 

dissipation associated with the squared gradients along the gap 𝐸(∆𝑖𝑦
2 ) is almost zero; (4) 

the other viscous dissipation terms which are large outside 𝑉3  are mainly caused by 

contraction/expansion of flow near the round bilge entrance (see Figure 6.16 and Figure 

6.17(a)-(d)). It is found these terms are large near the mid-ship position and become small 

near the gap end, which is caused by larger vertical velocity and hence more significant 

expansion/contraction effects near the mid-ship position than the gap end is expected. 

Collectively, these results indicate convective effects are negligible in the straight part of  
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(a) (b) 

 

(c) 

Figure 6.19 Radiation pattern, in terms of energy loss per unit modal amplitude squared 

per radian, from gap mode 1 (a), mode 3 (b) and mode 5 (c) determined using linear 

potential flow theory in an unbounded domain. Note that 𝛹 = 𝜋/2 is along the gap 

direction. 

the gap (since the velocity gradients Δ𝑦𝑥 and Δ𝑧𝑥 dominate the other velocity gradients) 

and are relatively more important near the round bilge region. 

The viscous dissipation rate in control volume 𝑉2 for mesh A1-A4 are shown in Figure 

6.18. It is found that the viscous dissipation becomes larger when the near-wall mesh is 

refined from A1 to A4, which is consistent with the trend of damping coefficients and 

gap responses. At the end of the time window (see Figure 6.18(b)) the viscous dissipation 

rate of A2 becomes larger than A3 and A4, which is caused by larger velocities due to 

less decay. 



 

 

 

Figure 6.20 Amplitude spectrum of viscous dissipation rate for time window 𝑡 ∈[-3, 

29]s. Double-frequency peaks corresponding to the three main gap modes can clearly 

be seen between 2 Hz and 2.5 Hz. Red line represents the cut-off frequency for the 

filters.  

6.3.3 Relation of local damping to global damping 

Having computed the viscous dissipation rate, it should be possible to use this to (at least 

approximately) compute the expected decay rate of the free surface in the gap and 

compare to that found in the simulation, on a modal basis. It is therefore necessary to 

obtain estimates of the average rate of energy loss from the oscillating system (�̇�𝑚) and 

the amount of energy stored in the oscillating system (𝐸𝑚) for each mode (per unit modal 

amplitude squared), which are related to the nondimensional damping for each mode by: 

 

 𝜉𝑚 ∝
�̇�𝑚
𝐸𝑚

 (6.7) 

(when the damping is small) assuming that the gap decay is well described by Eq. (6.2). 

The total rate of energy loss is assumed to be the sum of radiation and viscous 

contributions, �̇�𝑚 = �̇�𝑟𝑚 + �̇�𝑣𝑚. Assuming the total energy of the oscillating system is the 

same for the CFD results and the inviscid radiation problem the following relation will 

hold: 

 𝜉𝑚 = �̇�𝑚 ∙
𝜉𝑟
𝑚

�̇�𝑟
𝑚

 (6.8) 
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Figure 6.21 High-pass (frequency > 1.5 Hz) and low-pass signals of the total viscous 

dissipation rate. 

where 𝜉𝑟
𝑚 is the radiation damping coefficient and �̇�𝑟

𝑚 is the rate of dissipation caused by 

radiation, which have been calculated via linear potential flow analysis, as the different 

modal contributions are computed separately. The radiated wave field is obtained by 

subtracting the scattered wave field from a large box of width (2𝐵𝑚 + 𝐵𝑔 ) from the 

scattered field for the gap problem. This approach takes advantage of the narrowness of 

the gap, and is evidently deficient close to the ends of the gap, but otherwise produces 

smooth, symmetrical radiated wave fields. For each mode, the rate of energy radiated to 

infinity is computed using the radiated field at a large radius from the boxes – radiation 

patterns for mode 1, mode 3 and mode 5 are shown in Figure 6.19. It is interesting that 

mode 1 radiates most strongly perpendicular to the gap (or along the NWT) while the 

other modes radiate most strongly around the direction along the gap, i.e. out the ends of 

the gap.  

To complete the analysis the viscous dissipation rates shown in Figure 6.18 must be 

separated into modal contributions. Given the form of Eq. (6.5) and that the velocity in 

the gap is in a form similar to the Stokes boundary layer, with spatial decay of the velocity 

towards the wall and temporal decay with the same damping coefficients of the free 

surface (see Section 6.5.1), it is clear that for each mode there are dissipation rate 

contributions which are purely decaying in time, and those which oscillate at twice the 

gap mode frequencies. In addition, there are sum and difference frequency terms (cross-

mode terms) and terms at the gap oscillation frequencies caused by the time dependence 

of 𝑉 in Eq. (6.5) (due to the varying run-up on the box, see the example in Figure 6.20).  

 



 

 

 

 

 

Figure 6.22 Numerical fit of high-pass viscous dissipation rate using the method of 

Kumaresan and Tufts. 

 

 

 

Figure 6.23 Numerical fit of low-pass viscous dissipation rate based on least squares 

method. 
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Were the oscillations constant-amplitude instead of decaying, time-integrating the 

dissipation rate to recover the average or total dissipation would remove all of the 

oscillatory terms, leaving only the mean. In this case we say simply that we expect the 

pure decay terms to dominate the total dissipation. As the double frequency dissipation 

rate terms occur in the same proportion as the pure decay terms, it should be possible to 

fit the double frequency terms using the method of Kumaresan and Tufts applied before, 

and use the relative amplitudes to divide the dissipation rate signal into modal 

contributions. Once the modal components of viscous dissipation rate are obtained, the 

global damping coefficients for each mode can be calculated according to Eq. (6.8). 

The analysis described above is carried out on the viscous dissipation rate signal from 

𝑡 = 9 s onwards for mesh A3. The amplitude spectrum of the viscous dissipation rate is 

obtained using the fast Fourier transform as shown in Figure 6.20. The high-pass signal 

of the viscous dissipation rate �̇�𝑣ℎ  is extracted by filtering out (removing) all the 

components below 1.5 Hz while the low-pass signal of the viscous dissipation rate �̇�𝑣𝑙 is 

extracted by filtering out (removing) all the components above 1.5 Hz. The filtered results 

together with the original viscous dissipation rate are shown in Figure 6.21. Applying the 

method of Kumaresan and Tufts to the high-pass signal it is found that the numerical fit 

gives very good approximation of the original signal (see Figure 6.22). The modal 

frequencies 𝜔𝑣ℎ
𝑚  and nondimensional ‘damping’ 𝜉𝑣ℎ

𝑚  determined from the double 

frequency viscous dissipation rate terms closely match those for the free surface 

elevations over the same period (see Table 6.3, where frequencies are in Hz), which 

means the coupling between different modes is indeed weak as expected. The low-pass 

viscous dissipation rate signal should contain modal signals with the same modal rates of 

decay and proportionality coefficients 

 𝛼𝑚 =
�̇�𝑣ℎ
𝑚 (𝑡)

∑�̇�𝑣ℎ
𝑚 (𝑡)

 (6.9) 

as the high-pass signal and the two signals should only differ in the initial amplitude. 

Thus, the dominant term in the low-pass signal can be expressed as the sum of three pure  

 

 

 



 

 

 𝑓1 𝜉1 𝑓3 𝜉3 𝑓5 𝜉5 

𝜉𝜑𝐸 1.019 8.7 1.129 10.5 1.242 11.9 

𝜉𝜑 1.018 7.7 1.119 8.3 1.234 11.2 

𝜉𝑣ℎ
𝑚  1.018 7.7 1.119 7.9 1.233 10.5 

𝜉𝜇 N/A 6.6 N/A 9.1 N/A 9.5 

𝜉𝑢𝑧 1.017 7.7 1.118 8.2 1.233 10.7 

𝜉𝑢𝑦 1.017 7.6 1.118 8.4 1.233 11.1 

Table 6.3 Frequencies 𝑓 (Hz) and damping coefficients 𝜉 × 103 for each mode. 𝜉𝜑𝐸, 

𝜉𝜑, 𝜉𝑣ℎ
𝑚 , 𝜉𝑢𝑧, 𝜉𝑢𝑦 refers to damping coefficients determined from free surface elevation 

(experimental), free surface elevation (numerical), viscous dissipation rate (numerical), 

vertical velocity (numerical) and velocity along the gap (numerical), respectively, 

using the method of Kumaresan & Tufts. 𝜉𝜇  is determined from the local energy 

analysis discussed in Section 6.3.3.  

decay curves (𝑚=1, 3, 5) in the appropriate ratio 𝛼𝑚 and scaled by a constant 𝐶 as 

 �̇�𝑣 =∑𝐶𝛼𝑚𝑒
−2𝜔𝑣ℎ

𝑚 𝜉𝑣ℎ
𝑚 𝑡

𝑚

 (6.10) 

A numerical fit based on a least squares method gives very good agreement with the 

original signal shown in Figure 6.23, with the coefficient of determination 𝑅2 = 0.96, 

meaning that �̇�𝑣
𝑚 has been determined. Using Eq. (6.8) we arrive at the global damping 

results shown in Table 6.3 where 𝜉𝜑  is the damping derived from the free surface 

elevations in Figure 6.8 and 𝜉𝜇 is the damping derived using the dissipation calculation. 

The comparison is reasonable (in light of the caveats discussed below), confirming the 

consistency of these results, and the conclusion that the damping is dominated by laminar 

boundary layer behaviour.  

It should be emphasized that producing a global damping value from radiation and 

viscous contributions in the manner undertaken here involves several approximations, 

some mentioned above, and some discussed here. Using Eq. (6.2) to represent the gap 

motions works well because each mode may be described by a complex resonance (see, 

e.g. Meylan & Eatock Taylor, 2009), though using the radiation damping behaviour from 
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a single (real) frequency is not a rigorous application of this theory; ideally complex 

frequency calculations would be used. Secondly, the radiation behaviour in the NWT and 

potential flow are assumed to be the same. As the side walls of the NWT are reflective 

boundaries (while the ends are absorbing), this would tend to reduce the effective 

radiation damping compared to an unbounded domain potential flow analysis. However, 

numerical tests with a domain of larger width for mesh A1 did not yield larger damping 

values. In this case it is important to consider numerical propagation of the radiated wave, 

which is more than an order of magnitude smaller in amplitude than the gap oscillation 

or incident wave. As the vertical mesh resolution is optimised for propagation of the 

incident wave, it may be inadequate to correctly capture propagation of the radiated wave. 

This difference in scales therefore means that (unphysical) numerical damping of the 

wave radiated out of the gap reduces the effect of the reflective walls. The effect of the 

walls is therefore considered minor. 

6.4 Interrogation of wave field 

6.4.1 Response wave field 

CFD simulation enables a detailed interrogation of field information of high resolution in 

both time and space. To monitor the process of the excitation and the decay stages, 3D 

snapshots at different times of the incident wave field and its resultant response wave 

field are shown in Figure 6.24, where (a)-(c) are captured during the excitation stage while 

(d) is captured during the decay stage. Here the instant when the incident wave reaches 

its maximum at the focus time (see Figure 6.1(a)) is referred to as 𝑐0, after which the 

adjacent crest is referred to as 𝑐+1. The region from the mid-ship position (𝑦=0) to the 

gap end (𝑦=−𝐿𝑚/2) is defined as Region 1 and that from the gap end to the side-wall is 

defined as Region 2 (see also Figure 5.3). Comparing the incident wave field with the 

response wave field, it can be seen the fluid-structure interactions are most significant in 

Region 1 whereas the interactions are weak far away from the boxes, hence the response 

wave field remains almost the shape as the incident wave field in Region 2.  

Figure 6.24(a) shows when the main wave crest 𝑐0 arrives at the front of the upstream 

box. It is interesting to note that the largest run-up occurs near the end of the upstream 

box instead of the mid-ship position. As 𝑐0 passes the gap end it interacts with the flow 

in the gap from the transverse direction (see Figure 6.24(b)), which means in the  
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(𝑐) 𝑡=1.8s (𝑑) 𝑡=11.44s 

 

Figure 6.24 Snapshots of incident wave field (top) and response wave field (bottom). 
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Figure 6.25 Comparison of 2D and 3D repsonses at the gap centre. 

excitation stage the incident wave group affects the fluid motions in the gap from both 

the wave propagating direction and the transverse direction. Figure 6.24(c) shows the 

moment when 𝑐+1 has passed the downstream box. It is found that the waves far away 

from the boxes in Region 2 remain almost unchanged whereas the waves in Region 1 are 

almost absent. This illustrates the strongly directional nature of the waves scattered from 

the boxes – most energy is reflected back up-wave and a small amount excites free surface 

modes within the gap. The “near-trapped” wave energy then causes the fluid in the gap 

to oscillate within the side-by-side system, slowly leaking wave energy out into the 

external wave field. As a result, the gap oscillations persist long after the incident group 

has passed (see Figure 6.24 (d)). Higher-frequency scattered waves are also evident 

radiating from the gap in Figure 6.24 (c), and upstream of the leading box. 

6.4.2 Mode shape of free surface 

In contrast with the 2D configuration where the amplitude of gap response decreases over 

time (see Figure 6.25), the 3D configuration exhibits a “beating pattern” of gap 

oscillations for the decay stage. Given the narrow gap width and the frequency range 

ofinterest here, for 2D gap resonance only the piston mode shape exists while multiple 

mode shapes are present along the gap for 3D gap resonance. These modes oscillate with 

different frequencies and amplitudes; they superpose with each other and result in the 

beating pattern of fluid oscillations in the gap. It is also noted that the amplitude of gap 

oscillation for the 3D configuration can be larger than the 2D counterpart at some instants, 

though one would expect the 3D gap oscillation should be smaller than the 2D gap 

oscillation due to larger radiation damping in 3D caused by radiated waves out of the gap 

ends. 
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Figure 6.26 Mode shape of free surface (N.B. the height of the boxes is reduced for 

better visualization). 
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Figure 6.27 Mode shapes of free surface in the gap. |𝑦| refers to the distance away from 

the mid-ship position 𝑦=0; 𝐴𝑚
𝑦=0

 is the amplitude of 𝑚𝑡ℎ mode shape measured at 𝑦=0 

with 𝑚=1,3,5,7. ‘Amp.’ refers to amplitude and ‘Expt.’ refers to experimental results. 
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For 3D gap resonance under beam sea conditions only odd modes (𝑚   1,3,5, …, 

represents the number of half wavelengths along the gap) exist in the gap whereas even 

modes (𝑚   2,4,6, …) are not excited due to the symmetry condition of the setup. 

Knowing the decay stage is a linear process, the diffracted wave field is extracted by 

subtracting the incident wave field from the response wave field. The odd modes from 

the first to the seventh mode shapes of the 3D diffracted wave field are then extracted at 

the corresponding resonant frequencies shown in Figure 6.26, where the free surface is 

normalized so that the maximum surface elevation in the wave field is equal to unity. Due 

to the opening at the gap end pure standing waves cannot exist, hence the first mode is 

non-flat along the gap. However, for the thin gap considered here, very little energy 

escapes the gap and the radiation is found to be small.  

To enable comparison with the experimental data, the CFD mode shapes are extracted 

from 40 measurements along the centreline of the gap (𝑥 = 𝑥0) shown in Figure 6.27, 

where the free surface is normalized by the amplitude of elevation measured at the mid-

ship position. The mode shapes of numerical results are found to give very good 

agreement with the experimental data. In addition, the phase difference for free surface 

elevation at different locations along the gap is also shown in Figure 6.27. For the first 

mode the phase is almost the same along the gap and becomes larger near the gap end 

because ‘pure trapping’ does not exist as a result of the open end. 

6.5 Interrogation of velocity field 

6.5.1 Mode shape of velocity 

From the time series of vertical velocity shown in Figure 6.10, a beating pattern also exists 

for the velocity which is similar to what occurs in the free surface elevation as expected. 

For the lightly damped oscillating system, the velocity may also be regarded as a 

superposition of several modal decaying sinusoidal components and the damping 

coefficients should match those for free surface elevation. To confirm this the method of 

Kumaresan and Tufts is applied to both the vertical and transverse velocities. It is found 

that both the resonant frequencies and damping coefficients for the vertical velocity and 

the transverse velocity (see 𝜉𝑢𝑧  and 𝜉𝑢𝑦 , respectively in Table 6.3) give very good 

agreement with those for the free surface elevation (see 𝜉𝜑  in Table 6.3). The mode  
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Figure 6.28 Comparison of mode shapes of velocity and free surface. Black solid line: 

free surface; round symbol: vertical velocity; blue dotted line: transverse velocity. 
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Figure 6.29 Trace of velocity vector along the gap over different nominal cycles. (a) 

𝑡 ∈[1.36, 2.36]; (b) 𝑡 ∈[2.36, 3.36]; (c) 𝑡 ∈[11.24, 12.24]; (d) 𝑡 ∈[12.24, 13.24]. The 

solid circle represents the position of the sampling point in the transverse direction; the 

horizontal and vertical displacement away from the sampling point represent the 

transverse and vertical velocity components (N.B. the same length scale is used for the 

data units along each axis to avoid misinterpretation caused by figure scaling). 

 

  



 

shapes of velocity are then extracted at the corresponding resonant frequencies and 

compared to those for the free surface shown in Figure 6.28. It is found that the vertical 

velocity has the same mode shape as the free surface whereas the nodes and antinodes are 

the reverse for the mode shape of the transverse velocity. 

6.5.2 Velocity along the gap  

The velocity vectors at a number of positions along the gap are shown in Figure 6.29, 

where (a) and (b) are time windows in the excitation stage while (c) and (d) are time 

windows in the decay stage. It is found that the region near the mid-ship position is clearly 

dominated by the vertical velocity. This is due to the fact that all the mode shapes of the 

vertical velocity have an antinode at the mid-ship position and hence the vertical velocity 

at this position has a stronger chance to be large. The transverse velocity is largest around 

the region |𝑦|/(𝐿𝑚/2) ∈[0.2, 0.4] and the region near the gap end. The former should be 

mainly induced by the third and the fifth mode of the transverse velocity while the latter 

is due to that all the mode shapes of the transverse velocity are largest near the gap end. 

Overall the vertical velocity dominates the transverse velocity for the majority of 

positions in the gap, indicating that the simplification of the 3D gap resonance into its 2D 

counterpart is possible. 

6.5.3 Boundary layer profile 

It has been shown that the velocity along the gap can be decomposed into various modal 

components. For the velocity profile across the gap this should work as well. 

Additionally, it has been shown in Figure 6.3 that the near-wall vertical velocity profile 

for A3 agrees well with the theoretical solution to the Stokes equation. Here the near-wall 

velocity profile across the gap is also decomposed into modal components which are 

compared to the theoretical Stokes boundary layer shown in Figure 6.30. The results are 

in excellent agreement, confirming that the boundary layer is a superposition of several 

modal boundary layers which are Stokes-like. 

Besides the good agreement of vertical velocity profile with the theoretical solution at the 

mid-ship position, it is worthwhile to investigate whether the vertical and transverse 

velocity profiles at positions away from the mid-ship position are Stokes-like. Several 

wall points are chosen which share the same front-view position as 𝑆1 (see Figure 5.1(b), 

𝑧 =–0.43𝐷𝑚 ) but lie in different cross sections extracted at positions of WG 1-3  
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Figure 6.30 Comparison of modal near-wall vertical velocity profiles across the gap for 

A3 with theoretical solution. Circle: theoretical solution; solid line: CFD results. 
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(𝑐) WG 3 

Figure 6.31 Comparison of near-wall vertical velocity profiles at various positions 

along the gap for A3 with theoretical solution. Circle: theoretical solution; solid line: 

CFD results. 
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Figure 6.32 Comparison of near-wall transverse velocity profiles at various positions 

along the gap for A3 with theoretical solution. Circle: theoretical solution; solid line: 

CFD results. 
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Figure 6.33 Comparison of near-wall streamwise velocity profiles near wall point 𝑆2 

in the mid-ship plane for A3 with theoretical solution. Circle: theoretical solution; solid 

line: CFD results. 

 

 

Figure 6.34 Comparison of near-wall tangential velocity profiles near wall point 𝑆3 in 

the mid-ship plane for A3 with theoretical solution. Circle: theoretical solution; solid 

line: CFD results. 

  



 

respectively. The CFD results for the vertical and transverse velocity profiles at these 

positions are compared to the theoretical solution shown in Figure 6.31 and Figure 6.32, 

respectively. The agreement between the CFD results and the theoretical solution are 

excellent, meaning that the velocity in the gap can be approximated as a superposition of 

modal components in both vertical direction and transverse direction. Near-wall velocity 

profiles are also checked near two additional points in the mid-ship plane (see Figure 

5.1(b)), i.e. wall points 𝑆2 at the box bottom for streamwise velocity profile along the 

vertical direction and 𝑆3 on the round bilge for tangential velocity profile along the radial 

direction. From the results shown in Figure 6.33 and Figure 6.34, it is found that the CFD 

velocity profile near 𝑆2 has excellent agreement with the theoretical solution whereas the 

CFD and theoretical velocity profiles near 𝑆3 exhibit larger discrepancies. This is because 

the contraction/expansion effect is much stronger near the round bilge which renders the 

nearby flow more two-dimensional than one-dimensional in the mid-ship plane (see the 

discussion in Section 6.3.2). Thus, the convective term plays a more significant role in 

this situation. 

6.6 Conclusions 

In this chapter a high-resolution 3D CFD study has been carried out, successfully 

reproducing experimentally observed gap responses under the linear excitation of an 

incident transient wave group. It is emphasized that both the wavelength and boundary 

layer scales are of significance and only when the near-wall boundary layer is resolved 

properly can we obtain good agreement with the experiment for round bilge setup. 

Interrogation of the numerical flow field provides evidence to support the postulation that 

the damping affecting the oscillatory decaying motions in the gap is linear. No visible 

vortices shed from the bilges and the viscous dissipation of the oscillating system is found 

to be confined to a thin layer surrounding the boxes, meaning that the contribution from 

flow separation is negligible and wall friction is the main source of damping which has a 

linear form.  

The near-wall velocity profiles at various locations have been compared to the theoretical 

solution of Stokes equation. The agreement is excellent except for the velocity profile 

near the round bilge where the convective term becomes important. This means the near-

wall boundary layer is Stokes-like, which is consistent with the linear damping 

conclusion.  
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3D wave fields and mode shapes of free surface and velocity have been shown to 

understand 3D gap resonance. The vertical velocity in the gap is found to dominate the 

transverse velocity, meaning simplification of 3D gap resonance to its 2D counterpart is 

somewhat possible. 
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